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---- PREFACE ---

Calibrations and related measurement services of the National Bureau of
Standards (NBS) provide the means for industry, government agencies, academia,
and others to relate the measurements they make to national standards and, by
extension, to the measurement systems of other countries throughout the world.

It is of crucial importance to improving U.S. productivity, efficiency, and quality

-- in short our competitive stance -- that measurements of appropriate accuracy
can be made at all stages of product development, production, and marketing and
that it is possible to refer the results of these measurements to each other in a
meaningful way. NBS services provide essential support for satisfying these
needs, as well as measurement needs arising from societal concerns such as
health, safety, natural resources, and defense. The requirements of NBS clientele
range from the highest ievels of accuracy realizable from advanced science and
technology to the practical levels of accuracy needed to support routine
production. A reference-level measurement may be the result of days of
painstaking individual effort or may be provided by a semi-automatic measuring
system in minutes. The variation in customer needs and hence in NBS services
responsive to those needs is great.

The more than 300 different calibration services, measurement assurance
services, and special tosts that are offered by NBS are described in NBS Special
Publication 250, NBS Calibration Services Users Guide. The Guide provides
essential technical details of NBS calibration and related measurement services,
such as levels of accuracy provided by NBS and the requirements to be met by
customers’ transfer standards. It also provides information needed for placing
orders for these services and identifies technical and administrative contacts for
each service.

Technical descriptions in the Users Guide are intended to be restricted to the
material needed by a potential customer to decide if a given service will meet

that customer’s needs. Frequently, a customer may be interested in more

detailed and extensive information, such as the way in which the errors

associated with a measurement are assessed. Beginning in 1987, NBS established
a Special Publication 250 series which supplements the Guide. Each publication
in this series provides a detailed technical description of a specific NBS

calibration service, or closely related set of services, and includes:

o] specifications for the service

o design philosophy and theory

o] description of NBS measurement system used to provide service
0 NBS operational procedures
o measurement uncertainty assessment, including error budget,

identification of systematic and random errors
o] NBS internal quality control procedures

Special Publication 250-32, A Calibration Service for 30 MHz Attenuation and
Phase Shift, describes service offered primarily under NBS Test Numbers 61215C
(attenuation) and 61410C (phase shift) and the reference basis for related service
under NBS Test Numbers 61211C and 61230S. These services are provided by
the Microwave Metrology Group in the Electromagnetic Fields Division as part of
a series of services offered by the Division in support of microwave and
millimeter-wave technology.
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A CALIBRATION SERVICE
FOR

30 MHz ATTENUATION & PHASE SHIFT

A calibration service currently being offered by NBS for attenuation and
phase shift at 30 MHz is described. The service offers measurements on
coaxial attenuators that are either fixed (standard attenuation) or variable
for incremental (step) attenuation. Waveguide-below-cutoff variable attenu-
ators with coaxial connectors are also calibrated for incremental attenuation.
Ranges of capabilities and estimated limits of systematic and random uncer-
tainty are presented.

Calibration of phase shifters which provide fixed (insertion) phase shift
and those with variable phase shift (phase shift difference) is described.
Ranges of phase shift and estimated limits of uncertainty are given in degrees.
However, a smaller portion of this document is devoted to this calibration
service since it is requested only infrequently.

Definitions, capabilities of the system and techniques of calibration are
given. The standards, measurement uncertainties, results from intercompari-
sons, quality assurance and statistical control of the system are discussed
and analyzed. Representative reports of calibration are also included.

Key words: attenuation jcalibration ; coaxial; incremental; phase shift ;
standard; stcp; uncertainty ; waveguide-bclow-cutoff.

xv



1.0 Introduction

The accurate measurement of the attenuation and phase shift of energy
in coaxial and waveguide transmission lines is a fundamental requirement in
the design, development and operation of most electronic systems. Attenuators
which decrease rf energy in a precisely known way and devices to change rf
phase accurately must be calibrated by comparison with reference standards
maintained by or traceable to the National Bureau of Standards (NBS). For
both technical and historical reasons, many rf, microwave and millimeter wave
measurements over the entire frequency spectrum are uitimately referenced to
30 MHz calibrations.

The NBS 30 MHz attenuation and phase shift calibration service has
been operating for many years. However, the current service is the result of
continuing improvements both in techniques and quality control. System capabi-
lities and accuracies are presented and definitions of these parameters and
" techniques of measurement are described. The NBS 30 MHz dual-channel rf null
system for attenuation and phase measurement is documented, including theory
of operation and discussion of uncertainties of the standard piston attenuator
and the precision phase shifter. Procedures for calibrating an NBS Model VII
piston attenuator and a commercial variable phase shifter are presented, as
tyﬁical examples, with tabulated data and calibration results. Sample reports
of calibration for each are included. NBS system measurement uncertainties,
quality assurance procedures and multi-year measurement trends are presented.
Intercomparisons of attenuation calibration data with other systems such as
the NBS SQUID and six-port systems, and with those of international laborato-

ries, are discussed and summarized. Conclusions are given that indicate these

11



results are proof of the validity of the published accuracies of the
calibration service at NBS and that the system is in statistical control.

This report is a condensation of several of the many available publish-
ed documents on rf attenuation and phase shift calibration. It deals almost
entirely with the calibration systems which are presently being operated by
the Microwave Metrology Group of the Electromagnetic Fields Division at the
Boulder Laboratories of the National Bureau of Standards. The laboratory ap-
proach is stressed herein and the reader desiring the formal theoretical ap-
proach is urged to consult the listed references as well as the other avail-
able material on this subject matter.

1.1 Present Capabilities at NBS

A complete listing of the measurements available from the Microwave
Metrology Group (including 30 MHz Attenuation and Phase Shift Calibrations) is
listed in a publication entitled, "NBS Calibration Services Users Guide 1986-
88" [1]. This publication describes capabilities, accuracy and acceptable
standards plus relevant fee schedules in an appendix which is published every
six months [2]. Tables 1.1 and 1.2 present the general capabilities and accu-
racies of the 30 MHz attenuation calibration service in decibels (dB) and

phase calibration service in degrees (deg).

TABLE 1.1
Capabilities and Accuracies of 30 MHz Attenuation Calibrations

1. Coaxial Fixed Attenuators (Standard Attenuation)

Estimated
Frequency Attenuation Range Limits of Uncertainty
MHz dB + dB
30 0 to 100 0.02 to 0.0005 A¥

1-2



2. Coaxial Variable (or Step) Attenuators (Incremental Attenuation)

Estimated
Frequency Attenuation Range Limits of Uncertainty
. MHz dB + dB
30 0 to 100 0.01 to 0.0005 A*

3. Waveguide Below-Cutoff Attenuators with Coaxial Connectors
(Incremental Attenuation)

Attenuation Range Estimated
Frequency including initial Limits of Uncertainty
MHz insertion loss + dB
dB .
30 0 to 140 0.003 + 0.0003 A¥*

¥ = the measured value of attenuation

TABLE 1.2
Capabilities and Accuracies of 30 MHz Phase Calibrations

'Fixed Phase Shifters with Coaxial Connectors (Insertion Phase Shift)

and

Variable Phase Shifters with Coaxial Connectors (Phase Shift

Difference)
Estimated
Frequency Range of Phase Shift Limits of Uncertainty

MHz deg + deg

30 0 to 360° 0.1 to 0.5

¥ A = measured value of attenuation
1.2 System Overview
1.2.1 System Uncertainty

The limits of uncertainty stated in Tables 1.1 and 1.2 are the sums of

estimated systematic, random, and mismatch uncertainties. Their relative val-



ues are dependent upon the particular standard under calibration. Fixed and
variable coaxial attenuators, and fixed and variable phase shifters are
normally measured in a system having a characteristic impedance of 50 ohms.
Because measurement limits of uncertainty are degraded by any deviation from
this characteristic impedance, the types of allowable connectors are limited.
Connectors with a known plane of reference, such as the sexless precision
connectors or Type N and similar connectors which meet military standard
MIL-C-39012, are acceptable. Limits of uncertainty also depend upon the VSWR
of the individual instrument, quality of the connector, and the magnitude of

the attenuation and phase [3].

1.2.2 Device Under Test Requirements. All measurements on fixed coaxial

attenuators are made by the substitution method, which requires asexual connec-
tors, or an attenuator with a male connector at one port and a female connec-
tor at the other. If an adapter is required to comply with the foregoing, it
must be supplied with the attenuator. The combination is calibrated as one
unit.

Since the only change in inscertion loss is mcasurced on coaxial vari-
able attenuators, both ports may have identical connectors. The zero setting
of the variable attenuator, or some other setting if specified, is used as the
reference during calibration. Variable attenuators and incremental (step)

attenuators must have a repeatability of 0.01 dB or better.



1.3 Definitions

1.3.1 Insertion Loss. The 1959 IRE standard [4] gives two definitions of

insertion loas, one in which system mismatch is not specified, the other in
which the system is nonreflecting. The definitions contradict each other
since the insertion loss of an attenuator will be different for each case.
The measurement procedure for both definitions is to open the system, insert
the attenuator, and note the relative power absorbed by the load (or detecting
device) before and after insertion. The insertion loss in dB is computed from
these two values. If the attenuator is variable and remains in the system,
the initial and final powers absorbed by the load for two settings are used.
This determination is more properly called "Change in Insertion Loss."

Either definition is entirely adequate for a single, unique system,
but if the loss (or gain) measurement is to be transferred from one laboratory

to another, more must be specified about system conditions.

1.3.2 Attenuation. This is defined as the insertion loss in a nonreflecting
system (Tg = T, = 0).1 These impedance matching conditions cannot be achieved
exactly because of imperfections in connectors or adapters and the inability
to ascertain when a system is precisely matched. Since attenuaﬁion cannot be
measured exactly, the more practical term "standard attenuation" has come into

more general use.

1FG and T'[, are defined as the reflection coefficients of the generator and
load respectively.



1.3.3 Standard Attenuation. This is defined as the insertion loss of a lin-

ear two-port device in an essentially nonreflecting system which is initially
connected together at the insertion point by a standard connector?2 pair or
waveguide joint. The nonreflecting condition 'is obtained in the standard coax-
ial or waveguide sections to which the standard connectors or waveguide joints
are attached. The standard attenuation is the ratio expressed in dB of the
power absorbed by the load before and after insertion of the two-port device

being calibrated.

1.3.4 Incremental Attenuation. Incremental attenuation is the change in

attenuation of a variable attenuator between a reference setting (usually
zero) and any other setting. The same restraints on system conditions apply
here as those for attenuation and standard attenuation. The term "differen-
tial attenuation" is sometimes applied to this case and usually refers to two

non-zero settings.

1.3.5 Characteristic Insertion Loss. This quantity, as defined in IEEE Stan-

dard 4741973, Specifications and Test Methods for Fixed and Variable Attenua-
tors, Dc to 40 GHz [5], most closely describes the attenuation calibrations as
performed by NBS. An excerpt from this standard is included as Appendix A of
this document. The reader is encouraged to review the complete standard as

needed.

2p "standard connector" is one which is made precisely to standard speci-
fications for the particular type of connector under consideration.
Standard connector pairs usually have low but measurable loss and re-
flections [3,6,7].



1.3.6 Insertion Phase Shift is the phase change of a wave incident upon the

load before and after insertion of a two-port device between the generator and

load of a stable nonreflecting system.

1.3.7 Phase Shift Difference is the phase change of a wave incident upon the

load, from an initial to a final condition, resulting from inserting a two-
port device between the generator and load of a stable nonreflecting system.
Note: The following conditions apply: (1) The frequency, the load
impedance, and the generator characteristics (internal impedance and available
power) have the same values before and after the device is inserted or
changed; (2) the joining devices (connectors or adapters) belonging to the
system conform to standard specifications (the same specifications must be
used by different laboratories, if measurements are to agree precisely); and
(3) nonéeflecting conditions must be obtained in the uniform, standard
sections of transmission line on the system sides of the connectors at the

place of insertion.

1.3.8 Decibel. The decibel is one tenth of a bel3 and is defined funda-
mentally in terms of a power ratio:

dB = number of decibels = 10 log %L , (1)
2

where P, is the incident power from an impedance matched sourcc and P, is the

net power into an impedance matched load after a device is inserted between

the source and load. If the powers P, and P, are associated with equal

3Named in honor of Alexander Graham Bell.
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impedances, this power ratio can be expressed as the square of either the

voltage or current ratio.

Hence: Number of decibels = 20 log

E
E.

- 20 log\%‘. | (2)

1.3.9 dBm. This term indicates a power level with respect to one milliwatt.

Thus, power level in dBm = 10 log ﬁ_gﬁT (3)

where P = power level in watts.

2
Similarly, power level in dBm = 10 log %—6%7 )]

where E is in volts

and R is in ohms.

1.3.10 Neper. A wunit used to express the scalar ratio of two currents or two

voltages, where the number of nepers is the natural logarithm of the ratio.

Hence, nepers of attenuation = N = 1n = 1n . (5)

E
EZ

L
I,

If the power ratio is the square ot the above voltage or current ratio, then
(5) can be expressed as:

1 P
N=51n p. nepers (6)

1.3.11 Conversion from Nepers to Decibels.

One neper - 8.686 decibels.
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1.3.12 Propagation Constant. The propagation constant, Y, is defined as

Y=/YZ= V(R + juL)(G + juC) (7)

where the ac series impedance of a transmission line is Z = R + juwL

in ohms per unit length

and the ac shunt admittance of a transmission line is Y = G + juC

in ohms per unit length.

From (7) 1t 1s seen that the propagation constant Y will, in general,

have a real part and an imaginary part.

Hence, Y = a + jB (8)
where, o = attenuation constant in nepers per unit length
and, B = phase constant in radians per unit length.

The voltage, E, propagates along the line a distance, &, as

E = Alert—Yl volts (9)



2.0 Dual Channel Rf Null System for Attenuation and Phase Calibration

Attenuation measurements are frequently performed below 1 Glz using
intermediate frequency (IF) or audio frequency (AF) substitution techniques.
Thesé techniques have a number of sources of uncertainty since it is necessary
to convert from one frequency to another [8]. For th;s reason they are not
preferred and will not be presented in this document. The direct substitution
technique, whereby the standard attenuator and the attenuator under calibra-
tion operate at the same frequency, is a simpler approach with fewer sources
of uncertainty.

A basic block diagram of the unmodulated two-channel system employed
by NBS at 30 MHz is presented in figure 2.1 [9]. A two~channel nulled system
has fewer problems of level instability in the source and gain instability of
the monitor, and has high sensitivity. However, phase and magnitude adjust-
ments must both be made and the system is more complex than a single channel
system. A range of attenuation measurement in excess of 100 dB can be at-
‘tained with this system by placing the device under test (DUT) in the inser-
tion point shown in figure 2.1. The resolution is very high for large signal
amplitudes. Better resolution can be maintained at small signal amplitudes by
using quadratufe detection rather than a simple nulling approach. Thus to
obtain a successful system, a precision phase shifter of constant amplitude or
one with precisely known losses is required to achieve the nuli or quadrature
phasing of the two channels.

A complete block diagram of the present 30 MHz NBS attenuation and

phase calibration system is presented in figure 2.2.
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2.1 Description of 30 MHz Calibration System

2.1.1 30 MHz Standard Piston Attenuator

This standard is a cirecular waveguide-below-cutoff (WBCO) attenuator
which is a standard with a continuously variable attenuation, commonly called
a piston attenuator. The complete mechanical assembly is shown in figures 2.3
and 2.4, Figure 2.5 shows the drive and readout in more detail including an

earlier version of the signal launching assembly.

2.1.1.1 Theory

The incremental attenuation of this type of standard can be accurately
predicted from only a knowledge of its dimensions. Thus a major advantage of
this standard is the determination of the attenuation (except for secondary
effects) by the fundamental units of length and time (frequency). When the
waveguide section is uniform and excited in only one mode by a sinusoidal sig-
nal below the cutoff frequency, the field will decay exponentially along the
guide. More specifically, electromagnetic fields existing in a uniform per-
fectly conducting waveguide can be expressed as a linear combination of terms
called modes. The electromagnetic field components for each mode are propor-
tional to the term e~ Y% *+ Juwb ) where Y, the propagation constant, (see equation
10) is determined completely by the waveguide dimensions and frequency [10].
Thus, below the cutoff frequency, Y becomes an entirely real component and the
fields decay exponentially at a rate dependent on the mode of propagation.

The mode with the smallest decay rate 1is used to ensure mode purity at the

high attenuation levels.
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Level Set

Signal Launching (TM) Attenuator

Assembly

TE,y,Launching

Assembly
Cooling Coil

TM Attenuator
Drive Motor

WBCO Standard
Attenuator ———

Optical
Readout

Support Pedestal

Figure 2.3. View of upper portion of 30 MHz standard
attenuator assembly showing the level set attenuator,
the WBCO standard and the signal launching assembly.
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Level Set (TM)
Attenuator

TE,, Launching
Coil Assembly

TM Attenuator
Drive Motor

Optical Readout
for the Linear
Displacement Scale

Support Pedestal

Figure 2.4. View of upper portion of the 30 MHz standard
attenuator assembly showing the optical
readout for the linear displacement scale.
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Figure 2.5. 30 MHz standard attenuator assembly.
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The primary disadvantage of this WBCO standard attenuator occurs be-
cause it is a nondissipative device and therefore varying amounts of energy
are reflected rather than absorbed as the attenuation is varied. This results
in the need for a high minimum insertion loss (approximately 30 dB) to reach
the highly linear attenuation range of operation. Also the terminal networks

must contain reactances which are frequency-dependent.

2.1.1.2 Description

This WBCO attenuator has a launching coil and a moving probe or pick-
up coil to sample the decaying field and an indicating readout to correlate
the probe position with the attenuation level change. The coupling coils in
the attenuator must be sufficiently separated at all times to prevent mutual
coupling and loading effects from excessively affecting the excited mode.

This is the reason for the high initial insertion loss of WBCO attenuators. A
circular waveguide is chosen for ease of precise fabrication and because exci-
tation symmetry is not critical. The desired excited field in this WBCO atten-
vator consists of the transverse electric (TE),, mode which unfortunately is
not far in frequency from some higher modes. The transverse magnetic (TM),,
mode has the greatest probability of causing difficulty since its attenuation
rate is closest to the rate of the TE,, mode. Mode filters with metallic
strips are constructed to suppress the TM modes by over 60 dB while reducing
the TE,, mode by less than 0.5 dB.

A close approximation for the propagation constant, Y, (in nepers per

meter) in the TE,, mode is given by [10]:

S / 2mrfve)? 1
y = 211 1 - -
r {: ( S,.,C ) r’?ﬁfﬁj]
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e 1 - — }

1 - (10)

e @y

Where S,, = 1.8411838 = first root of the first derivative of the first-order
Bessel function of the first kind,
r = radius of the waveguide cylinder,
f = frequency of operation in hertz,
g = relative dielectric constant of the medium inside the waveguide,
v = 2.997925 x 10°® m/s = velocity of light,
u = permeability of guide wall (relative, usually taken to be
1.00000),

0 = 1.35 x 107 mhos/meter = conductivity of the brass waveguide wall.

Equation (10) illustrates that the most important quantities other than the
radius are the frequency and conductivity. Brown [11] shows that the quantity
in square brackets contributes a very small and usually negligible phase shift
at‘IF frequencies in waveguides constructed of good conducting materials. The
actual phase shift for the NBS attenuator is less than one degree (deg) in 100
dB of attenuation.

The displacement of the receiving coil relative to the launching coil
is measured with a steel ruled scale and optical projector. The scale is ac-
curate to 2.54 um (0.0001 inch) within any 15.24 cm (six inches) length. The
thermal coefficients of expansion of the stainless steel scale and the brass
waveguide ére nearly the same. For a 2.222°C (4°F) temperature change, the
difference in the temperature coefficients would contribute a calculated error

of only 0.0001 dB per 10 dB attenuation change.
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The brass waveguide has an outer diameter of 9.906 cm (3.9 inches) and
a length of 56.64 cm (22.3 inches). The internal diameter of the waveguide
(approximately 8.128 cm (3.2 inches)) is chosen to give an attenuation rate of
10 dB/2.54 cm (1 inch) of travel. For a perfectly conducting waveguide of
circular cross section of radius, r, in cm, and having TE,, mode cutoff

frequency, fo, the attenuation rate, o, when operating at frequency, f, below

cutoff is:
o = 15.99 /1 —(%—)7 dB/cm 1)
_ 55.20 ¢
where fc - 5= GHz [3]. (12)

The inside wall of the waveguide is coated with 0.127 um to 0.254 um (5 to 10
microinches) of rhodium. This presents a hard surface to the sliding silver
contacts of the piston and prevents corrosion of the brass guide without sig-
nificantly affecting the conductivity of the waveguide surface.

Dimensional tolerances on the guide and the resolution and accuracy
with which the displacement between the exciting and receiving coils can be
measured are very important. The guide diameter must remain constant and be
perfectly circular. Any ellipticity in the guide will cause the propagation
constant to differ from the circular case, thereby possibly exciting degener-
ate modes of propagation. Angular variations along the major axis will pro-
duce undesirable variations in the exponential decay of the field within the

waveguide.

2.1.1.3 Uncertainties

Table 2.1 presents the uncertainties of the 30 MHz WBCO piston

attenuator as measured and calculated by Allred and Cook [10].
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TABLE 2.1

Uncertainties in the NBS 30 MHz Standard Piston Attenuator

Systematic Uncertainties

Coaxial waveguide diameter 0.0003 dB/10 dB
Linear displacement of receiving coil 0.001 dB/10 dB

Velocity of electromagnetic waves in

medium inside guide Negligible for air
Rf conductivity of guide 0.00026 dB/10 dB
Rf permeability of guide Negligible for brass
Total Systematic Uncertainty 0.00156 dB/10 dB
Random Uncertainty Negligible in controlled
environment
Total Uncertainty 0.00156 dB/10 dB

2.1.2 30 MHz TE,, Launching Assembly

The input system on the piston attenuator is a major determining fac-
tor in the measurement range of the total system.

A system is needed which launches the single TE,, mode with an
intensity independent of the position of the receiving coil, and/or a system
which launches the desired mode so efficiently that the receiving coil never
has to be positioned near the input coil.

The following describes the approach used at NBS. A current sheet
with spatial TE,, mode electric field distribution (two-dimensional polar coor-
dinates) in the transverse plane of thé waveguide is established as nearly
ideal as possible. This mode is launched in both directions from the current

sheet. If such a constant current sheet is obtainable and is independent of
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the fields reflected from the pickup coil, the undesirable effect of interac-
tion between coils will not create errors.

These conditions are approached by constructing the launching assembly
as illustrated in figures 2.6 and 2.7. The constant current sheet is
initially obtained by sampling the launching current and keeping it constant
by using negative feedback to the rf source. In the present system the
feedback loop is not actuated because the pickup and receiving coils are not
allowed to approach each other closely enough to interact and a more stable
solid state rf source has replaced the original source. This reduces the
overall dynamic range of the system by approximately 10 dB, however, for
normal calibrations. The resulting range of 140 dB is still adequate. In the
event of special needs for higher ranges, the feedback system can be
reactivated.

The attenuator waveguide was extended behind the launching coil in
order to terminate the field propagated from the back side of the launching
coil. Since the pickup coil absorbs some energy, it produces a reflected
field which passes through the launching coil with very little interaction ahd
is terminated by the same waveguide extension.

The launching assembly is constructcd of small stainless steel tubing
through which water is passed to prevent excessive heating of the waveguide
which would otherwise change its dimensions. Mode filters are used to elimi-
nate the axial electric fields (higher modes) caused by the reactive impedance
of the launching unit.
| The resistive component of the launching coil is estimated to be be-
tween 0.01 and 0.1 ohm which is difficult to match to the 50-ohm rf source.

An impedance match is obtained by using a capacitive type impedance matching
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Figure 2.6. 30 MHz TE,, launching assembly.
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Figure 2.7. 30 MHz launching assembly with matching and sampling networks.
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network with a maximum rating of 200 watts. A 10-watt input to the matching
network produces an rf launching coil current of approximately 1.1 amperes.

The sub-assembly is shown mounted in figure 2.7.

2.1.3 30 MHz Precision Phase Shifter

2.1.3.1 Description

The constant amplitude precision phase shifter used at NBS consists of
a sliding airline trombone configuration as shown in figure 2.8. Non-constant
impedance construction is used since this system operates only at one single
frequency. The attenuation level variations are held to a minimum by terminat-
ing the precision fixed line sections in their characteristic impedance. This
can be accomplished only at a single frequency since the sliding section has a
lower characteristic impedance than the fixed sections of line. The fixed
line sections are terminated properly by placing a pi matching network on each
side of a 10-dB attenuator and installing this complete configuration in the
center of the moving section of line. This then provides the desired charac-
teristic impedance at the sliding junction to properly terminate the precision
fixed sections of line. Additional attenuators and matching networks termi-
nate other two ends of the precision phase shifter.

The outer conductors of the precision section of the phase shifter are
precision machined brass cylinders with 1.27.cm (0.5-inch) thick walls. The
inside walls are heavily plated with burnished silver, with a thin coating of
rhodium. The center conductors are brass rods with silver plate and rhodium
coating similar to that used on the outer conductors. The maximum deviation

of the critical diameters from the mean value is 8.89 um (0.00035 inch) which
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could produce a calculated maximum characteristic impedance variation of
slightly less than 0.04 percent.

The four terminating impedance matching networks are adjusted until a
maximum change in phase range produces less than 0.01 ohm total impedance
change, measured on a sensitive rf impedance bridge.

Over the total range of the phase shifter (38 deg or 101.6 cm (40
inches) of travel), the change in level is less than 0.0005 dB. This range is
adequate when calibrating attenuators since piston attenuators normally have
negligible amounts of phase shift. The phase shift in dissipative attenuators
approximates their physical length, which is a small fraction of the phase
shifter travel.

As stated above, the trombone phase shifter has a range of travel in
excess of 101.6 cm (40 inches) which yields a phase shift of slightly over 38
degrees. The readouts of the devices under test are given in deg, and
therefore the results are computed and stated in deg, rather than in the SI
units of radians. A mechanical counter is connected to the phase shifter to
indicate precisely the travel of the shifter. One count on the counter

corresponds to a phase shift of 0.01142 deg.

2.1.3.2 Uncertainties

Table 2.2 presents the sources and magnitudes of the uncertainties in

the 30 MHz precision phase shifter [10].
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Figure 2.8. 30 MHz precision phase shifter.
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TABLE 2.2

Uncertainties in the NBS 30 MHz Precision Phase Shifter (for a 36 degree

measurement)

Systematic Uncertainty

Mismatch uncertainty in the sliding sections 0.012 deg

Measurement of linear displacement and

Uniformity of diameter ' 0.048 deg
Losses in trombone for 30 degree increment 0.018 deg
Resolution of readout 0.06 deg

Random Uncertainty Negligible

Total Uncertainty 0.138 deg/36 deg

2.1.4 30 MHz Coarse Phase Shifter

This manually operated phase shifter consists of two commercial phase
shifters connected in series. These phase shifters have been modified by add-
ing high resolution manual-drive mechanisms with which to adjust them. Refer
to the block diagram in figure 2.2 for its location in the circuit. These
phase shifters have a characteristic impedance of 50 ohms and an insertion
loss of approximately one dB each. Each of these phase shifters provides a
shift of 0 to 180 deg and is driven by gears. The gear ratios are chosen so
that one of the phase shifters acts as a coarse adjustment while the other
functions as a medium adjustment. This arrangement provides a fast and
convenient means of initially adjusting the phase leg to null the dual channel
system. The large 30 MHz trombone precision phase shifter provides the system

with the final complete rf null.
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The coarse phase shift unit is necessary to calibrate a phase shifter
over a range greater than 30 deg since the precision phase shifter has a range
of only approximately 40 deg. The coarse phase shifter unit is then used to
change the phase shift reference (from O to 360 deg) so that the precision
phase shift standard can be used (bootstrapped) over a 360 deg range in steps
of 30 deg. |

2.1.5 Level Set Attenuator

The rf power level adjusting attenuator is shown in figure 2.9 with
its associated fast and slow speed drive motors. It is a T mode WBCO piston
attenuator. Tt consists of a variable capacitor formed by mating hemispheri-
cal electrodes inside a cylindriéal waveguide. One of the electrodes is motor-
driven so that the spacing between them can be varied, thus changing the value
of attenuation within the waveguide. This particular design is chosen for
this attenuator because it produces no significant phase shift. (This mode
has no significant skin depth correction, and hence very small phase shifts
are associated with its level changes.) It has an attenuation constant of
20.9 dB/radius. The radius of the inside of the waveguide is approximately
1.27 cm (one-half inch) which gives an attenuation rate of slightly more than
15.74 dB/cm (40 dB/inch) of travel. Hence, this level set attenuator does not
introduce undesirable phase changes in the system and does not have to travel
very far to yield a significant change in attenuation. It is located in the
phase leg of the dual channel system as shown in figure 2.2. The amount of rf
signal propagation in this leg of the system is predetermined by the setting
of the TM mode level set attenuator. Optimum sensitivity of the entire system
may be maintained by pre-positioning this attenuator regardless of which

attenuator is under calibration (within the capabilities of the system).
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Refer back to figures 2.3, 2.4 and 2.5 to observe the installed posi-
tion of the level set attenuator with respect to the standard 30 MHz piston

attenuator.

2.1.6  Rf Null Detection System

The rf null detector is a double-conversion frequency-locked receiver.
The 30 MHz null detection system consists of an rf null detector Model NRBS/SND
which is a synchronous detector designed, developed, and constructed at NBS
with a 30 MHz frequency plug=in unit (Model SND/PI=30A), [12]. This instru-
ment is designed for extremely high sensitivity consistent with simplicity of
operation. The detector is frequency-locked to the signal to be examined and
thus requires a synchronous reference voltage to achieve its high sensitivity.
A single gain control adjusts the sensitivity. The null signal is indicated
by two front panel center-indicating meters. A continuously-variable phase
control enables in-phase and quadrature components of the null signal to be
displayed individually on separate meters. The 30 MHz detector has a gain of
approximately 150 dB, a bandwidth of +20 kHz, a 2-dB noise figure, and a 360-
deg continuously-variable phase control. The input impedances of the two sig-
nal input ports and the reference signal input port are nominally 50 ohms.
The receiver has a dynamic sensitivity range of 90 dB without saturation which
allows the operator to locate the system null easily. The gain control on the
receiver also assists the operator to find the null rapidly and efficiently.

This null detector system is constructed of separately-shielded
modules which minimize the adverse effects of signal leakage and interference.

The maximum sensitivity of this 30 MHz detection system is approxi-

mately 1 nanovolt. The calibration range of the complete system is
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approximately 150 dB including the initial insertion loss of the attenuator
under calibration (20 to 30 dB in the case of a variable WBCO attenuator).

The resolution of the system (primarily due to the readout) is 0.001
dB when measuring a 100-dB change in attenuation on a piston attenuator (with
an initial insertion loss of 30 dB). Thus, the detection system has an attenu-
ation resolution of better than 0.001 dB at 130 dB below the maximum (practi-
cal) 50 milliwatt (mW) output from the standard attenuator.

Similarly, the system has a phase shift resolution of better than 0.01

degree at similar rf signal levels.

2.1.7 RF Source and Associated Circuitry

The 30 MHz fixed frequency rf source which provides the signal for
this dual-channel attenuation and phase calibration system is represented in
figure 2.2, It consists of a 30 MHz ultra-stable, crystal-controlled,
continuous wave (CW) source and 50-watt linear amplifier which delivers
approximately 10 watts (W) of rf power to the attenuator launching system.
The frequency of this source is stable within 1 part in 108.

The output power level of the rf source and power amplifier combina=
tion is sufficiently stable so that no external level circuitry is required.
This signal source arrangement is adequate to produce the nearly constant
current sheet in the TE,, launching assembly as mentioned in section 2.1.2 of
this document.

The key to adequate stability is the sampling of the reference channel
(phase shifter leg) at the launching coil of the standard attenuator. Minor

level variations are equally reflected in each channel and thus contribute
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negligible error as long as adequate separation of the launching and receiving

coils is maintained.

2.1.8 The Insertion Point

The insertion point in a system is the point at which the system is
opened in order to insert the instrument being calibrated. The insertion
point is a very important portion of the attenuation and phase calibration
system. It must permit physical motion, be well shielded and must not
adversely effect the rest of the system in any way. These requirements are
met at the NBS Boulder Laboratories by using a combination of semirigid,
coaxial cable and double-shielded, flexible, coaxial cable. The semirigid
cables are brought to the front panel of the calibration console where they
are connected to precision 14-mm connectors. At this point, short lengths of
double=shielded, coaxial, flexible cables are connected. This double-
shielded cable has only one electrical shield since both layers of shielding
braid are lying againét each other. A third separate shield is stretched over
the outside of these flexible, coaxial cables and clamped securely to the
connector at each end of each cable. This then produces flexible, coaxial
cables for the insertion point which are truly double-shielded cables that

rediice rf signal leakage to insignificant levels.

2.2 Uncertainty Analysis

2.2.1 30 MHz Attenuation Calibration Uncertainties

Table 2.3 presents the sources and magnitudcs of the uncertaintics in

the 30 MHz attenuation calibration system [10, 12].
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TABLE 2.3

30 MHz Attenuation Calibration Uncertainties

Systematic Uncertainties

Reference Standard Piston Attenuator (from Table 2.1) 0.0016 dB/10 dB
Resolution of Detecting System 0.0004 dB/10 dB
Maximum Rf Leakage (measured by field strength

meter) and reference channel variation due to

standard phase shifter. 0.001 dB/10 dB

Total Systematic Uncertainty 0.003 dB/10 dB

+ mismatch uncertainty

Random Uncertainty (3Sg value) 0.001 dB/10 dB
Total Uncertainty 0.004 dB/10 dB
Typical Maximum Mismatch Uncertainty 0.001 dB/10 dB
Typical Total Uncertainty (including mismatch) 0;005 dB/10 dB

The total uncertainty quoted to a customer depends upon the resettabi-
lity and repeatability of the standard being measured.

The uncertainty due to impedance mismatches when calibrating attenua-
tors on this system has been calculated using the VSWR's of the system and the
attcnuator being calibrated. The VSWR of this system is approximately 1.01.
Therefore calculations are based on the assumption of a maximum VSWR of 1.02.
Variable attenuators which are calibrated on this system have a similar VSWR;
thus a mismatch error of 0.001 dB is typical. The above generalized mismatch

uncertainty figure is verified with a substantial sampling of the VSWR's of
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variable attenuators under calibration. Note that the added mismatch uncer-
tainty only affects attenuation increments referenced to a zero setting on the
variable attenuator. An increment referenced to a higher starting point such
as 20 dB is not affected significantly by mismatch since a reflected signal

is 40 dB below the incident signal level.

During the calibration of fixed resistive attenuators at 30 MHz, the
actual VSWR is measured at both terminals of the properly terminated attenua-
tor so any uncertainty in the attenuation measurement due to impedance mis-
match can be calculated and taken into account.

The uncertainties due to rf leakage are difficult to measure precisely.
The entire calibration system is extremely well shielded in order to prevent
problems caused by rf leakage. The rf power source is housed in a solid-
copper, shielded room; all interconnecting cables are made of semirigid coax;
NBS Type W flanged connectors are used at every interface except the insertion
point; all the coaxial connections are painted with conducting paint to
prevent rf radiation; and the null detection system is housed in a double
screened enclosure. This greatly reduces the possibility of significant rf
leakage. Thus the portion of the total uncertainty of the system due to rf
leakage as presented in table 2.3 is a conservative figure, particularly for
measured attenuation values below 60 decibels.

The uncertainty of calibration is usually not stated in a calibration
report as 0.005 dB/10 dB as listed in table 2.3. A more specific statement is
needed to better define the uncertainty of the measurement at attenuation val-
uves which are not at even 10-dB intervals. For a precision variable attenua-
tor which is calibrated at 30 MHz, a general uncertainty statement may read as

follows: "The estimated uncertainty of the measured values at the indicated
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points is 0.003 decibel plus 0.03 percent of the indicated change in insertion
loss in decibels." However, as a service to the calibration customers, the
actual uncertainty associated with each attenuation increment is calculated
and tabulated in the calibration report. The report lists separate values for
systematic and random uncertainties plus a total uncertainty for each point
measured. (See sample calibration report following table 2.5.) The previous
general uncertainty statement, however, is useful in describing NBS capability

in response to inquiries and in technical publications.

2.2.2 30 MHz Pnhase Shift Calibration Uncertainties

Table 2.4 presents the sources and magnitudes of the uncertainties in

the 30 MHz phase calibration system [10].

TABLE 2.4

30 MHz Phase Shift Calibration Uncertainties

Systematic Uncertainty

Reference standard trombone phase shifter

(from table 2.2) 0.138 deg

per 36 deg
Mismatch uncertainty 0 to 0.2 deg
Frequency stability (for 360° phase shift) 0.00036 deg
Phase shift in standard attenuator 0.01 deg
Reoolution of coarse phasc shifter 0.02 to 0.13 deg
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Total Systematic Uncertainty 0.168 to 0.478 deg

per 36 deg
Random Uncertainty (typical 3Sg values) 0.01 deg
Total Uncertainty (nominal values) = 0.2 to 0.5 deg
per 36 deg

2.3 ~ Procedure for Calibrating an NBS Model VII 30 MHz Attenuator

Figure 2.10 shows an operator calibrating an NBS Model VII WBCO pis-
ton attenuator at 30 MHz. This calibration is performed in the following man-—

ner.

2.3.1 Calibration Procedure for NBS Model VII Attenuators

1. Connect a standards-quality, 50-ohm, 10-dB attenuator on the out-~
put end of the attenuator under calibration. This is necessary to
isolate the device under test (DUT) to insure proper a impedance
match when operating the Model VII at its low attenuation values.
(The 10-=dB isolating attenuator can be removed when calibrating
the DUT at values above 20 dB).

2. Connect this combination into the insertion point with the input
of the Model VII connected to the output of the standard 30 MHz
attenuator impedance matching network as shown in figure 2.2.

3. Set the attenuation of the Model VII attenuator so that the
counter reads 00000 and dial reads 0. This must be done in a
manner which will remove the adverse effect of the backlash in the
drive mechanisms. The conventional procedure is always to

approach the desired setting of the attenuator from a lower value
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Fig. 2.10 Operator calibrating an NBS Model VII piston
attenuator at 30 MHz
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10.

of attenuation setting. This technique allows the very precise
setting of the desired attenuation value.

Adjust the receiver sensitivity to a low value by adjusting the
gain control.

Adjust the external phase and magnitude controls on the synchro-
nous detector so that the meter needles are at mid-scale.

Follow the detailed instructions for operating the null detector
as stated in [111].

Adjust the coarse (manual) phase shifters until a null condition
exists (with the precision phase shifter approximately in the cen-
ter of its range).

Adjust the standard piston attenuator until a deeper null is
reached. This can best be done by passing through the null point
several times in order to determine the position of the true null
point on the null indicator. The standard attenuator is operated
on fast speed until the approximate null is reached; then the
drive is switched to slow speed so the operator can stop the
movement of the standard exactly at the null point.

The precision phase shifter is adjusted until the phase is nulled.
This standard phase shifter also has both fast and slow speed
drive motors.

Renull both the standard attenuator and the standard phase shifter
to be certain the true system null has been found. (This may ne-
cessitate changing the null indicator sensitivity to keep the

needle on scale).

2-29



1.

12.

13.

14,

15.

16.

17.

Check the system sensitivity by changing the Model VII attenuator
by 0.001 dB. The null indicator reading should change
significantly if the system sensitivity is sufficient. The
sensitivity can be changed by changing the power into the
attenuator under calibration via the level set attenuator and by
readjusting the sensitivity controls of the null detector.

Set the attenuator under test back to the 0-dB position as ex-
plained in Step 3 above and again null the system.

Record the standard attenuator setting as read in the optical pro-
Jector. This is the 0-dB reference setting.

Remove the Model VII attenuator from the insertion point leaving
the 10 dB attenuator attached to the flexible cable.

Connect the insertion point together and renull the system as in
Steps 4 through 10 above.

Record this value from the scale on the standard attenuator's opti-
cal projector. This value is the initial insertion loss reference
setting.

Subtract the value obtained in Step 12 from the value obtained in
Step 15. This is the insertion loss of the NBS Model VII attenua-
tor at the 0-dB setting (approximately 30‘dB).

Repeat this procedure two or three more times and average the re-~
sults. This average attenuation value is the insertion loss of
the attenuator being calibrated when it is set at 0 dB. If this
insertion loss is not approximately 30 dB or if it has changed
appreciably from the previous calibration, the attenuator under

calibration should be suspected and checked for possible damage.
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18.

19.

20.

21.

22.

23.

24,

2.

26.

Repeat Steps 1 through 12 above to obtain a new 0-dB reference
reading. This eliminates the possibility of erroneous readings
due to drift in the calibration system, and varying impedance ef-
fects.

Set the attenuator under test at exactly 1.000 dB, (the desired
calibration point).

Null the system as in Steps 4, 5, 6, 8, 9, and 10, and record the
attenuation value as seen in the optical readout on the standard
attenuator.

Repeat Step 19 and set the attenuator under test at 2.000 dB.
Repeat Step 20.

Continue this proceés until measurements are recorded for settings
up to 10.000 dB on the attenuator under test.

Return this attenuator to its 0.000 dB setting and obtain the 0-dB
reference setting as in Steps 3 through 12. This value should be
within a few thousandths of a dB of the value obtained in the ori-
ginal Step 12.

The above procedure must be repeated to obtain readings at 15, 20,
25, 30, 35, 40, 45, 50, and 60 dB.

The 10-dB lixed resislive coaxlal attenuator should be removed
from the output end of the NBS Model VII attenuator and the cable
connected directly to the Model VII output connector. This 10-dB
fixed attenuator may be removed since it is not needed for match-
ing when the attenuator under calibration is operated at levels

such as 50 or 60 dB and above. The removal of this 10-dB fixed
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attenuator increases the system sensitivity by 10 dB without chang-
ing the power input to the standard under test. ,

27. The attenuator under calibration should be set at 60.000 dB and
the system nulled as in Steps 4, 5, 6 8, 9, and 10.

28. Record this value of attenuation as read from the standard attenua-
tor optical readout. This is then used as the reference reading
for the 70 and 80 dB calibration levels.

29. Calibrate the NBS Model VII attenuator at 70 and 80 dB in a manner
similar to the lower dB settings. If the system sensitivity is
not sufficient the power into the attenuator under calibration can
be increased by changing the position of the level set attenuator
as necessary. |

30. This entire calibration process is repeated at least two more
times so that the instrument is calibrated completely a minimum of
three separate times. These results are averaged and entered into

a complete calibration report.

2.3.2 Attenuator Calibration Data Reduction

The attenuation calibration data are reduced in the following manner.
(Refer to table 2.5 for a typical data sheet).
1. The attenuation value for each setting of the attenuator under
calibration as read from the standard attenuator is subtracted

from its respective reference reading and recorded in table 2.5.
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2. The average of the three columns of calibration results (change in
insertion loss) is calculated to the nearest 0.001 dB and
recorded.

3. This column of averaged data (%) is then used along with the
three columns of data from Step 2 to compute the random
uncertainty (3 times the standard deviation (SD) of the mean
(Sx)) of the measurements. These computed values are recorded
in table 2.5 and entered in the calibration réport.

4, The average insertion loss (with the attenuator under test set at
exactly O dB) is computed and rounded to the nearest 0.1 dB to be
entered in the calibration report. This 0-dB insertion loss is
measured by inserting and removing the Device Under Test (DUT),
with the same procedure as that used for calibration of fixed
attenuator. This approximate value is useful only for general
information and is not considered part of the precise calibration

results, and therefore does not include a reported uncertainty.

2.3.3 Tabulated Data and Calibralion Results

Table 2.5 presents the tabulated calibration data on a typical NBS

Model VII 30 MHz WBCO piston attenuator.

2.3.4 Typical Report of Calibration for 30 MHz WBCO Variable Attenuators

lmmedlately rollowing table 2.5 1s a typical complete Eeport of Cali-
bration issued on the 30 MHz attenuator whose calibration data appear in

table 2.5.

2-33



TABLE 2.5
TABULATED CALIBRATION DATA ON NBS —err mo._/
MODEL VII 30 MHz WBCO PISTON ATTENUATOR
chwu:mn:-m

LeETRU MENT WMZ%W—W No. &74&%

PREOUNCY WD LY B RooM TEMPERATURE —eluT __C. Mummry__ Y2 % BamOMETEN _ T .

E%MMA-/ /Q«- L

VL EOVERREDY! FRNTIE VLY WO TR~0?

| —
ez Lf/e‘__/ p{/u 0. &2 fpnlja. ICs
(L2t )
[
C wprr6-& G A 26 E 4 AmGE | ComrpoTED

gﬂy@u—r&( Y Covartes YY) Kau'ﬂféf 282 Aveeds e
Serrice Kz Doase e Srani a2 5@ Rrapie WLolges Keanmss A

nid L4

L2204 7). L2077 2044

=t

9]

! | bbbt 7). Leoeo )| LbQ¥7 | [ .oad | Lbods ] [.on/ 1. 00( | 2002
L\ 450850 2. .00d ! 200l | L5py5 ) 2.0l | K002 ) 20082 .
3
4

ke TD | 2. 9F7 ) LYoxd ! J.oon | £503F ) 2. 998 1 4 FIE L pne3

S b22HL L 4. 997 L2DH7 | s 002 L2047 4,999 J __é_aaa__,l__p“é_gghj__
| L4250 S.997 v L /nd9 & 000\ Llo¥ 70 5.999 29972 .V 2. 223
7 | boo¥d \ 2 an2 | Loo¥2 | Z.ood | éo0%b ) 2oop 2008 .\ .2.003..
¥ | sopz8 | 7999 )\ SIny7 | Lopd | £3p#5) £.20( L.ool {0223

? |\ s ZpI¥S £.99¢ s 47\ 9.002 £ LDYE . 2.000 q.000.4 0. L0 F
o\ Lzpdb  to.onl SIRSE N Jo.on3 ) SI2n¥E | 10.00D ) /o000 EQ,_a_Ls_

. JE A TR B
Ol 473 L2760 1. 47459 ¢ ? [
1\ SR ey 24999 | sR/6.3) ¥ 597 vme&uﬂ.m_zz_zl.zz,m;m&.
a?aMMJM_aa;agaw-zzzéd_-..d_;.zﬁﬁ'uazmué_a.&mj_
5| Y22 | d5 001 | w2 a0l 25000} ¥alhl ) R4 798 sione )\ o 003
ol 32/6y) 29999 271463 29997 37.63.3. AL904. R2L357. 0. 027

- 2 o

i’ - . -
I0 | 47029 S0l S IpR&E o
TN s g6\ 003 |\ SN ) ool |\ R okl oo TropRl o oo
N 47027 sp. oo X728 10 a0/ %7_&,‘@2,5’1 2002 | L2 . 20/L | £, 008k

5| 2028 45 oD/ 222029 \ 4500 Z2 0231 24999 15000 | 0. 20
SOV IF7p2 5\ on . pod ) 2020603 22.023 ) 3 7220 20002\ o003 ) L 222

2-34




A NI PW
Xe 8ss TABLE 2.5 (CONTINUED)
Kneo O Hn.lu-tnow

w.mm_mimmﬁ%ﬁ&%m_mm@& St s

WMQ- 'rznmm_a&;i_'c. Mooy Z2 % BamourTER o
BE SO D TR VLY WO TED?
— —— = S—
LLuadl 2o U LLvas Loadae 2
L AN Yo’
ArTAA ﬁiﬂT“ Cﬂfg :6 /4/1]1/ 2L T L5 JI//IU -z /ﬂywr% E:;‘:A;‘-‘J ompUTED z
€
5W’~(JWM &@lﬂ/— .M‘ W 0Y 50'“ 1 =
Xy -, X5 X
50 | Leo¥s Y ¥,L74 X

40 40227 9. 798 sdas/ 2 977 |\ s6ps55t P 994 2.992 2. 0022
70 | _z4povd| 19997 wvzasys |\ 13997 | Yeps7 | 19 99Y L2997 | 0 .00%
£ M&MMMMM

22 ol (7
o\ LR 50 Lo 247 Lo 542
N 4 G483 V20 257 4927207 22, 24D 42 7230 2. 779\ Fo. T2 | 220
2-35




Sugxy No. 2T
Cesorven o

TBTNQ.S&%% /

BAROMETDRN T .

TABLE 2.5 (CONTINUED)

Xaeo or an-mm

s TRUMENT TEFTED

PreouDecy S22 L2/ 2 Rocu TeroaTung 22 C.  pusmory__ Y2 __ %

Wﬁmam%mﬁ_ﬁé_m

VL VR UDYT AErTEE PVEX WO TH-aT?

= ~{Gmren |
Coaszee | Dac WMMIM@om ZLozAe
VSerrisa. WScrrinig! Loss = Vivciersiwrsd -3 552 U s LT Tl Llrice8TR8TY
\_oonio 2. 200 oy 2.003 : D0 2,002, 2:020.5
200222 22| 2.203 | Q00& | 2,008 | 2.025
20030 2. 995 2.003 20.3 2.003 2. 205
20040 ¥. 000 2.0032 L0=0 0002 2. 205"
2000 2. 003 203 2.20.3 p. 006
20040 59997 2.203 203 2:200.3 2. 006
22020 2228 2223 203 L.20.2 2. 206
20080 L.onl 2. 003 “ 203 a.023 nA.abé_
| Y.V, 372.) 2,022 2:003 203 2003 )Y/
L2aloo 22.0a0l 2003 203 2.203 2.006
L0450 LY 298 2.205 203 2202 2.007
22200 KL L2002 203 2.003 2.0292
L 2aks0 25000 2.208 L0323 2:003 o020l
L_cnies 29,992 1 0£.009 203 2.003 2.nlde
QAL 24992 2.0l 202, 2.00%. .-
andan 29 99% o)A L2038 2009 2.0l
L0450 S T 2.004 208 2.004 2. 04L&,
L oos20 4D 200 0.0/5 002 2. 004 o.-0t?
L ooéoo Z92. 992 2-02/8 2022 2.00%. L. 2R
20200 42,957 o.02/ 20¥ 0.005 2.0a2éb
L_cago2 N 229331 2.02¢ 00 2.5 2. 222
Mﬁméfgzz@_am= 2
2-36




U.S. DEPARTMENT OF COMMERCE

NATIONAL BUREAU OF STANDARDS
NATIONAL ENGINEERING LABORATORY
Boulder, Colorado 80303

REPORT OF CALIBRATION

VARIABLE WAVEGUIDE BELOW-CUTOFF ATTENUATOR,
COAXIAL CONNECTORS
National Bureau of Standards
Model VII, Typical Example

Submitted by:

National Bureau of Standards
Division 723.01
Boulder, Colorado 80303

The measurements on this attenuator were performed under ambient conditions of
approximately 23° + 2° C and 40 + 5 percent relative humidity. The power
presented to the attenuator during the calibration was less than 300
milliwatts., The attenuator was terminated at each end in approximately 50 &
jo_ohms. The calibration frequency of 30 MHz was accurate to one part in

106. The measured change in insertion loss when the counter is increased from
a 00000 reference setting and the dial is increased from a 0.000 reference
setting is indicated in the attached table.

The measured value of the "0 dB insertion loss" of the attenuator with the
counter set at 00000 and the dial set at 0.000 was determined to be
approximately 30.8 decibels.

Page 1 of 3
Test No. Sample No, 1
Date of Calibration: February 6, 1987



Variable Waveguide Below-Cutoff Attenuator,
Coaxial Connectors

National Bureau of Standards

Model VII, Typical Example

Measured
Counter Dial Change in Systematic Random Total
Setting Setting Insertion Loss Uncertainty Uncertainty Uncertainty
dB dB dB dB
00010 0.000 1.001 0.003 0.002 0.005
00020 0.000 2.002 0.003 0.002 0.005
00030 0.000 2.998 0.003 0.003 0.006
00040 0.000 4.001 0.003 0.002 0.005
00050 0.000 5.000 0.003 0.003 0.006
00060 0.000 5.999 0.003 0.003 0.006
00070 0.000 7.002 0.003 0.003 0.006
00080 0.000 8.001 0.003 0.003 0.006
00090 0.000 9.000 0.003 0.003 0.006
00100 0.000 10.001 0.003 0.003 0.005
00150 0.000 14,998 0.005 0.002 0.007
00200 0.000 20.000 0.006 0.003 0.009
00250 0.000 25.000 0.008 0.003 0.011
00300 0.000 29.997 0.009 0.003 0.012
00350 0.000 34,999 0.011 0.004 0.015
00400 0.000 39.998 0.012 0.004 0.016
00450 0.000 44,997 0.014 0.004 ‘ 0.018
00500 0.000 50.000 0.015 0.004 0.019
00600 0.000 59,997 0.018 0.004 0.022
00700 0.000 69.997 0.021 0.005 0.026
00800 0.000 79.993 0.024 0.005 0.029

This calibration data is valid only when the attenuator is set by apprbaching
the indicated value from a lower value of attenuation,

Page 2 of 3
Test No. Sample No. 1
Date of Calibration: February 6, 1987
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Variable Waveguide Below-Cutoff Attenuator,
Coaxial Connectors

National Bureau of Standards

Model VII, Typical Example

Three measurements were made at each attenuator setting to find the mean value
of "Measured Change in Insertion Loss" and to estimate the standard deviation
(S.D.) of this mean. The total uncertainty is the sum of the systematic
uncertainty and the random uncertainty where the latter is defined as three
times the estimate of the S.D. of the mean.

For convenience, usually one or more intermediate reference settings are used
during calibration. To determine the estimate of the S.D. of the mean for a
specific insertion loss setting which was measured with respect to an
intermediate setting, the S.D. of the intermediate setting and the S.D. of the
specific setting were combined by taking the root-sum-of-the-squares of the
respective S.D. values.

. Calibration peffg;ggd by:
For the Director, 2z C O e

National Engineering Laboratory Connie L. True, (303)497-3524
Rl 77 A i .

Ve ied : P
Robert T. Adair, Sr. Project Leader / 4
Microwave Metrology Group relo )

Electromagnetic Fields Division eon F, Saulsbery

/

Page 3 of 3

Test No. Sample No. 1
Date of Calibration: February 6, 1987
Reference: RTA
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It should be noted that the spread in the three different columns of
data is no more than a few thousandths of a dB. This attests to the
stability, repeatability, and resettability of the entire dual channel
calibration system as well as the NBS piston attenuator being calibrated.

The dial on the NBS Model VII attenuator can be read to a smaller
value than 0.0005 dB which, along with its repeatability and stability, pro-
vides greater calibration accuracy than most 30 MHz attenuators which are cali-

brated at NBS.

2.4 Procedure for Calibrating a 30 MHz Phase Shifter

The units of this procedure are not given in SI units. The readout of
the device under test is’giveﬁ in degrees, and therefore the results are com-
puted and stated in degrees.

A phase shifter may be calibrated over a 360-deg range at 30 MHz using
the same system shown in figure 2.10 with the phase shifter inserted in the
system instead of the attenuator under test. This calibration is performed in

the following manner.

2.4.1 Calibration procedure for 30 MHz Phase Shifter

1. Connect a standards-quality, 50-ohm, 20-dB fixed resistive
attenuator on the output of the phase shifter. This 20-dB
attenuator insures proper impedance matching of phase shifter and
system.

2. Adjust the 30 MHz receiver to low sensitivity by adjusting the

gain control.
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10.

Connect this combination into the insertion point with the input

of the phase shifter connected to the output of the 30 MHz stand-

dard attenuator matching network as shown in figure -2.2.

~ Set the phase shifter under calibration to 0 degree. This must be

done by approaching this setting from a setting below the one de-
sired to eliminate the undesirable effects of any backlash which
might exist in the phase shifter drive mechanism.

Adjust the position of the 30 MHz standard phase shifter to a coun-
ter setting of approximately 3000 which will allow a phase shift
of slightly more than 30 deg since one count equals 0.01142 deg.
Adjust the external phase and magnitude controls on the synchro-
nous detector so the meter needles are at mid-scale.

Follow the detailed instructions for operating the null detector
as stated in [12].

Adjust the coarse (manual) phase shifters until a null is reached.
Adjust the standard attenuator until a deeper null is reached.
This will necessitate increasing the sensitivity of the null indi-
cator to keep the needle on a readable portion of the scale. This
standard can be moved toward the null position with the fast speed
drive motor until the null is passed. Then the slow speed drive
motor can be used to adjust the standard attenuator to the posi=
tion of final null.

The precision phase shiftcr is next adjusted until a deeper null
is found. This phase shifter also has fast and slow speed drive

motors.
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1.

12.

13.

14,

15.

16.

17.

18.

Renull both the standard attenuator and the precision standard
phase shifter to be certain the true null of the system has been
found. This may require readjusting the system sensitivity for
more optimum use of the null indicator.

Check the system sensitivity by changing the setting of the phase
shifter under test to 0.01 degree. The null indicator reading
should change significantly if the system sensitivity is suffi-
cient. The system sensitivity can be changed if necessary by
readjusting the power input to the phase shifter under test via
the level set attenuator and by readjustment of the sensitivity
controls of the differential amplifier and the null indicator.
Set the phase shifter under test to O deg as explained in step 4
above and again null the system.

Record the standard attenuator setting and the standard phase shif-
ter counter setting. These values are the 0 deg reference values
shown in table 2.6 which follows section 2.4.2.

Remove the phase shifter from the insertion point leaving the 20
dB fixed attenuator attached to the flexible cable of the
insertion point.

Reconnect the insertion point and renull the system as in steps 5
through 11 above.

Record the value from the standard attenuator's optical projector.
This value is the initial insertion loss reference reading.
Subtract the value of attenuation obtained in step 14 from the
value obtained in step 17. This result is the insertion loss of

the phase shifter being calibrated at its 0 degree setting.
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19.

20.

21.

23.

24,

25.

26.

Repeat this procedure two or three more times and average the re-
sults to obtain the report value of the ihsertion loss of the
phase shifter when it is set at O degree. If this value of inser-
tion loss is not approximately the same as the manufacturers nomi-
nal value or if it has changed appreciably from the last time it
was calibrated, the phase shifter under calibration should be sus-
pected and checked for possible damage.

Repeat steps 1 through 14 above to obtain new 0-deg reference read-
ings. This greatly reduces the possibility of erroneous readings
due to drift in the calibration system.

Switch the null indicator out of the circuit and set the phase
shifter under test to exactly 30 deg. For illustrative purposes
the hypothetical calibration of this phase shifter will be per=
formed at 30-deg intervals to reduce the amount of data to be
handled.

Run the standard phase shifter with the fast speed drive motor
until its counter reads approximately 200.

Switch the null indicator back into the circuit and renull the
system as in steps 5, 6, 7, 9, 10 and 11.

Record the values as read from the standard attenuator and the
standard phase shifter.

Adjust the setting of the standard phase shifter back to a counter
reading of approximately 3000. Notice that the phase shifter un-
der test is still set at exactly 30 deg.

Repeat steps 5 through 11 above.

2-43



27.

28.

29.

30.

31.

32.
33.

34.

35.

Record the standard attenuator and standard phase shifter readings.
These are the 30-deg reference readings.

Switch the null indicator out of the circuit.and set the phase
shifter under test to exactly 60-deg.

Repeat steps 5, 6, 7, 9, 10 and 11.

Record the standard attenuator and the standard phase shifter read-
ings.

Repeat step 25 but notice the phase shifter under test remains set
at 60 deg.

Repeat steps 5 through 11.

Record the standard attenuator and standard phase shifter readings. .
These values are the 60-~deg reference readings.

Since this precision phase shifter has a range of approximately
only 40 deg each successive 30-deg setting on the phase shifter
under test is used as a reference instead of a 0-deg reference.
This allows the operator to step from O to 360 deg in increments
of 30 deg. This makes it possible to célibrate a phase shifter
all the way from O to 360 deg even though the standard phase
shifter has a capability of approximately Y40 deg.

Continue this process until the phase shifter is calibrated from O
to 360 deg.

This entire calibration process must be repeated a minimum of two
more times so that the instrument is calibrated completely at
least three separate times. These results are averaged and form a

complete calibration report.
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2.4,2 Phase Shifter Calibration Data Reduction

The phase shift calibration data are reduced in the following manner.

(Refer to table 2.6 following this section for a typical data sheet).

1.

The standard phase shifter counter reading for each setting of the
phase shifter under test 1s subtracted from its respective
reference reading.

This is done for each of the three separate calibration runs, and
the three results for each setting of the phase shifter under test

are averaged.

These averages dare then multiplied by 0.01142 deg per count to
convert the number of counts per interval to the number of deg per
interval.

These'avérages are successively added to obtain the total phase
shift for each setting of the phase shifter under test.

Notice that the phase shift for the 360-deg setting is slightly
less than 360 deg. This occurs since the operator must succes-—
sively step the setting from O to'360 deg in intervals of 30 deg.
To correct for this a technique known as "closing the data" is
employed.

Closing the data is accomplished by subtracting the actual 360-
deg measured value from 360.000 deg and dividing this number by
the number of intervals measured between 0 and 360 deg. This re-
sultant angle, which is extremely small, is the correction which
must be added to the value of phase shift measured for the first
interval (the 30-deg reading in this case). Two times this correc-

tion must be added to the second interval (the 60-deg reading) and
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so on. The total correction which is added to the 360-deg data
should correct that measured value to 360.000 deg.

7. The attenuation value for each setting of the phase shifter under
calibration is sﬁbtracted from its respective reference reading.

8. These attenuation values are successively added algebraically to
obtain the amount of attenuation which is present in the phase
shifter at each setting of phase angle with respect to the origi-
nal O-deg insertion loss.

9. These three columns of data are averaged to obtain the values
which appear in the calibration report.

10. The column of averaged phase shift data is rounded to the nearest
0.01 deg and entered in the calibration report.

11. The column of data of average attenuation change is rounded to the
nearest 0.001 dB and entered in the calibration report to the near-
est 0.01 dB.

12. The average initial insertion loss data are computed and rounded

to the nearest 0.1 dB and entered in the calibration report.

2.4.3 Tabulated Data and Calibration Results for 30 MHz Phase Shifter

Table 2.6 presents the tabulated calibration data on a commercial 30
MHz phase shifter. These data are the averages of three separate calibration

runs on this particular device.

2.4.4  Typical Report of Calibration for 30 MHz Phase Shifters

Immediately following table 2.6 is a typical complete report of cali-

brétion issued on the 30 MHz phase shifter whose data appear in table 2.6.
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U.S. DEPARTMENT OF COMMERCE

NATIONAL BUREAU OF STANDARDS
NATIONAL ENGINEERING LABORATORY
Boulder, Colorado 80303

REPORT OF CALIBRATION

VARIABLE COAXIAL PHASE SHIFTER
Merrimac Research and Development, Incorporated
Type R-30, Typical Example

Submitted by:

National Bureau of Standards
Division 723.01
Boulder, Colorado 80303

The measurements on this phase shifter were performed under ambient conditions
of approximately 23° + 2° C and 40 £ 5 percent relative humidity. The power
presented to the phase shifter was less than 1.0 milliwatt. The VSWR
presented to each terminal of the phase shifter was less than }1.05. The
calibration frequency of 30 MHz was accurate to one part in 10°.

The measured value of the initial insertion loss of the phase shifter with the
dial set at 0.0 was determined to be approximately 35.9 decibels.

The change in phase when the dial is increased from a 0.0 reference setting is
indicated in the following table. The change in insertion loss column
represents an incremental change in total insertion loss of the phase shifter
corresponding to the 30 degree dial setting increments. A negative value
indicates a decrease in insertion loss from the preceding calibration point.

Dial Measured Phase-Shift Change in Random
Setting Difference Insertion Loss Uncertainty
degrees electrical degrees decibels degrees

30 30.05 , 0.02 0.07
60 60.11 0.04 0.04
- 90 90.65 0.01 0.16

120 120.89 -0.11 0.05

150 150.32 -0.03 0.19

180 180.16 0.06 0.09

210 210.29 0.02 0.04

240 240.34 0.04 0.07

270 270.83 0.01 0.06

300 300.90 -0.10 0.01

330 330.16 -0.03 0.13

360 359.97 0.06 0.04
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Variable Coaxial Phase Shifter
Merrimac Research and Development, Incorporated
Type R-30, Typical Example

The "Measured Phase-Shift Difference" in electrical degrees is the mean of
three separate readings taken during the measurement at the given dial
setting.

The random uncertainty of the measured values is equal to three times the
calculated standard deviation of the mean of the three separate determinations
at each dial setting.

The systematic uncertainties are + 0.1 degree and t+ 0.01 decibel respectively
for each 30 degree increment. The total uncertainty for each phase shift
increment is given as the sum of the systematic uncertainty and the random
uncertainty. These incremental uncertainties are not accumulative since
closure within 0.01 degree was achieved at the 360 degree (0) setting.
Closure was similarly achieved for insertion loss variation,

Caé};ration pepforged by:
M@M

For the Director,

National Engineering Laboratory Connie L. True, (303)497-3524
_l:;;?L(L2~:7~' /. 65222;104/ Verified by:

" Robert T. Adair, Sr. Project Leader N~
Microwave Metrology Group i f’, tlo .
Electromagnetic Fields Division Leon F. Saulsbery

, |
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2.5 Conclusions - Dual-Channel Rf Null Technique

The basic direct substitution technique (as illustrated in figure 2.1)
has many advantages over a single-channel system as was mentioned previously.
Briefly this dual-channel unmodulated technique provides extremely high resolu-
tion, large calibration-range attenuation, minimal effects of signal source
amplitude instabilities, and avoids the complexity and errors due to
modulation. A constant insertion loss phase shifter is necessary, however,
and allows the system to be used for precise phase shift calibrations.

A satisfactory dual-channel rf null attenuation and phase calibration
system similar to the NBS 30 MHz system can be constructed in nearly any well-

equipped standards laboratory with existing or available equipment.
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3.0 Measurement Uncertainty and Quality Assurance

3.1 NBS System Measurement Uncertainty

3.1.1 30 MHz Standard Piston Attenuator

The components of the uncertainty budget for the 30 MHz standard pis-
ton attenuator are listed in table 2.1. The key values are repeated here for
convenience.

A. Uncertainty due to variation in the attenuator waveguide diameter:

| 0.0003 dB/10 dB.

B. Uncertainty in measuring piston displacement. This'is governed by

the accuracy of the ruled steel scale and optical readout: 0.001
dB/10 dB. |

C. Uncertainty in estimation of the rf conductivity of the waveguide

walls. This is the same order of magnitude as the machining toler*
ances on the waveguide itself: 0.00026 dB/10 dB.

This yields a total systematic uncertainty budget for the attenuation
standard of 0.00156 dB per 10 dB increment. Total maximum systematic uncer-
tainty of the attenuator: 0.0016 dB/10 dB. It would be possible to reduce
this by one half by replacing the scale with a laser interferometer displace-
ment measuring system. This technique has been implemented in the United King-
dom at NPL, and at CSIRO in Australia as well as by a commercial manufacturer
in the U.S. NBS plans to implement this improvement in the near future as
resources permit. Until recently the total systematic uncertainty of the NBS
attenuator calibration service has been adequate to meet defense and industry

requirements.
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3.1.2 30 MHz Standard Phase Shifter

The components of the uncertainty budget for the 30 MHz standard trom-
bone phase shifter are listed in table 2.2. The total uncertainty over its
36-deg measurement range does not exceed 0.138 deg.

A second key value related to this reference standard is its deviation
from constant amplitude of less than 0.0005 dB over a range of 30 deg. This
value 1is critical to assess uncertainties in measuring attenuation since it
affects the reference arm of the null system.

Systematic uncertainty of phase shifter: 0.138 deg/36 deg.

Level variation over 30 deg: 0.0005 dB.

2.1.3 Measurement Uncertainty for Attenuation

The uncertainty budget for attenuation measurement is given in
table 2.3. The key components of uncertainty are repeated below for
convenience. |

A. Uncertainty of standard attenuator: 0.0016 dB/10 dB

B. System leakage and reference channel

variation due to standard phase shifter: 0.001 dB/10 dB

C. Resolution of detection system: 0.0004 dB/10 dB

Total systematic uncertainty 0.003 dB/10 dB
D. Typical random uncertainty (3S3 value)” 0.001 dB/10 dB

Total uncertainty 0.004 dB/10 dB

4The 3Sz value is 3 times the computed standard error for the mean.
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There are additional uncertainties in calibration if mismatch uncer-
tainty is significant. Normally the uncertainty is between 0.001 and 0.002 dB
which leads to a typical calibration uncertainty of 0.005 dB for a 10 dB fixed
attenuator. This uncertainty is not applicable to WBCO attenuators where
the large value of their minimum insertion loss renders them insensitive to

terminating impedances.

3.1.3.1 Uncertainties Associated with Typical Attenuators

A. International comparisons and primary
standards lab quality devices: 0.003 dB/10 dB
B. Good quality calibration standards with
low rf leakage: 0.004 dB/10 dB
C. Average quality variable attenuators and

fixed devices with mismatch uncertainties: 0.005 dB/10 dB

3.1.4 Measurement Uncertainties for Incremental Phase Shift

The uncertainty budget for phase shift measurement is given in
table 2.4. The key components of uncertainty are repeated below for
convenience.

A. Uncertainty of standard phase shifter

(36 deg range): 0.138 deg/36 deg

B. Miscellaneous (standard attenuator,

frequency stability, and coarse phase 0.030 deg/36 deg

shifter resolution):
Total systematic uncertainty over 36 0.168 deg

deg:



C. Typical random uncertainty (3Sg value) on
any increment: 0.01 deg
Minimum total reported uncertainty: 0.2 deg/36 deg
The uncertainty due to impedance mismatches can be neglected because
any variable phase shifter is isolated from the rest of the system by isolat-
ing attenuators whose VSWR is less than 1.01. The resultant phase shifter
uncertainty (incremental) is less than 0.01 deg due to impedance mismatches

and can be safely ignored.

3.2 Typical NBS System Attenuation Calibration Results

The following graphs are arranged in basic groups by type of attenua-

tion standard.

3.2.1 Calibration of the NBS Model SA-1, 10=dB Step Attenuator. (Figure 3.1).

The Model SA-1 step attenuator was designed and constructed by NBS for
several primary calibration laboratories and is based on the WBCO principle.
It is a device which produces a highly repeatable 10-dB step attenuation
measured by two gage blocks whose differential length is determined by an elec-
tronic null indicating system. The repeatability of setting is 0.001 dB and
the calculated uncertainty of the 10-dB increment is 0.004 dB.

Calibration of this device provides both an independent check of the NBS
primary standard absolute value and a measure of long-term stability of the
NBS measurement system.

Figure 3.1 is a plot of the calibration results of five independent SA-1
attenuators have been measured over a 12-year time span. All device values

lie within the assigned NBS uncertainty bounds except for one on test 951911
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performed in 1972. Since the measured value of this unit returned to an expec-
ted value within limits in 1978 and values for the other units did not shift
unidirectionally in 1972, we can assume a minor mechanical defect was exhibit-
ed by test 951911. This could have been caused by foreign material lodged on
a gage pin which was subsequently dislodged or removed by recommended cleaning

procedures.
3.2.1.1 Conclusions:
1. The assigned uncertainty limits are valid, and

2. The calibration system is in statistical control.

3.2.2 Calibration of NBS-Designed WBCO attenuators (Figures 3.2 through 3.9)

These NBS designed attenuators were calibrated over a working range of
80 decibels and results have been plotted for each 10-dB increment. As is the
case with the Model SA-1, all of these devices are calculable standards based
on dimensional measurements. The individual models are only slightly
different from each other in mechanical details, and share a common waveguide
diameter and thus have approximately the same calculated uncertainty of 0.005
to 0.008 dB per 10-dB increment.

A careful examination of the eight individual plots indicates that in
over 22 years of calibration history for these devices using the same measure-
ment system, there are only eleven values outside the assigned NBS uncertainty
limits. Ten of these measurement values were obtained between 1963 and 1966,
primarily for higher values of attenuation where rf leakage can cause signifi-
cant uncertainty. In all of these cases the particular attenuators were refur-

bished by NBS to reduce leakage which solved the problem. The remaining out-
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lier in 1971 for test 950729 at 70 dB is not clearly explained. A recalibra-
tion in 1972 showed that this 70-dB value was again within limits. This at-
tenuator had shown greater year-to-year variation than normal in the past and
has not been resubmitted since 1972. Apparently it has been retired from ser-

vice.

3.2.2.1 Conclusions:

1. The assigned uncertainty limits are valid and
additionally verified by comparison with
independently calculable attenuators.

2. The system has remained in statistical control over
a 22-year time span. These results were achieved,

even though during this time period the system was
rebuilt twice. The system was modified by adding a
new trombone phase shifter, replacing the null

detection system and upgrading the rf source three

times.

3.2.3 Calibration of Commercial WBCO Attenuators

(Figures 3.10 through 3.19). This group of plots tracks the values of
14 separate attenuators over a 20-year time span (individual attenuators have
values for up to 19 years).
Since these attenuators were not designed by NBS, their calculated values
cannot be used to validate the absolute values of the NBS system. Their me-
chanical dimensions and waveguide materiai differ from NBS designs and thus

require different correction factors. The theory remains valid however, and
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the corrections used are apparently adequate based on examination of NBS cali-
bration results.

Twenty years of calibration history show an outlier at 70 dB in 1965 for
test 806213. Since this was one of the first attenuators built by the manufac-
turer, and then was subsequently refurbished and has tracked almost perfectly
for 19 years, we can assume that this outlier is a valid point.

An outlying value for 806547 at 10 dB in 1970 is probably a valid point
since this attenuator shows a larger variation through the years than most of
the others. Internal mechanical instability would cause this.

The remaining outlying values at 90 dB for 806623 and 100 dB for 808406
are also assumed to be valid and undoubtedly due to rf leakage within the de-
vices.

Since these excessive deviations from néminal values are readily
explained as due to the DUT and not due to the measurement system, NBS feels
confident that the reported values are correct.

The resettability of the NBS 30 MHz standard attenuator, being based on
an optical readout and scale, is superior in this respect to the attenuators
grouped under 3.2.2. As a result, this calibration history strongly validates
NBS claims to statistical control of our 30 MHz measurement system. The small
degree of scatter evidenced at 90- and 100~dB increments adds confidence that

the NBS system rf leakage is well controlled.

3.2.3.1 Conclusions:
1. Assigned uncertainty limits are valid.

2. The system is in excellent statistical control.
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3.3 Typical NBS System Phase Shift Calibration Results (Figures 3.20.1

through 3.21.5)

The following figures, 3.20.1 through 3.21.5, are based on an
extremely limited data base which makes it difficult to draw conclusions about
uncertainty estimates. The two devices, however, have been measured over a
significant time span (18 years in one case) and appear to validate adequate
system statistical control.

Figures 3.20.2, 3.20.3 and 3.21.2 through 3.21.5 show assigned error
limits at each phase shift value reported. The uncertainty limits are
indicated by vertical lines above and below the data points plotted in these
figures. For both devices at each value measured, the assigned uncertainty
bounds have been assigned conservatively and seem valid. Note that the 1975
repair of test unit 809499 shifted the measured values substantially but

reduced their deviation from nominal values for subsequent calibrations.

3.3.1 Conclusions:
1. The phase shift measurement system is in statistical control.
2. The limited calibrations performed indicate the desirability of
phasing out the phase shift service calibration on this system.
Since NBS six-port measurement systems are capable of this measure=
ment now and will provide this service when qualified, no further

evaluation of the 30 MHz phase shift measurement system is planned.
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3.4 Intercomparison of Attenuation Calibration Results

3.4.1 Comparison with NBS "SQUID" System (Figure 3.22)

A series of comparisons involving the measurement of a calibrated WBCO
attenuator on a system based on a new concept, Superconducting Quantum Interfe-
rence Device (SQUIb), were carried out. This was done to lend confidence to
the theoretical uncertainty analysis of the NBS attenuation measuring system.

The SQUID is a loop of superconducting metal closed by a weak point
contact called a Josephson Junction, operating in a liquid helium bath. It
converts variations in magnetic flux to periodic variations in impedance which
are sensed at rf and microwave frequencies. This provides a convenient natur-
al means of measuring electrical quantities such as voltage, current, power,
and attenuation [13,14,15,16]. A system employing the SQUID for measuring
attenuation was constructed at NBS and used for measuring a transfer standard
WBCO attenuator.

The plot shown in figure 3.22 is taken from reference [14] and is typi-
cal of similar plots in the other references. It is apparent from observation
of these results and examination of the references that a totally independent
validation of NBS uncertainty bounds has been achieved. In addition, the com-
parison indicates that the uncertainty limits in this particular case are
quite conservative. However, this is insufficient to allow the uncertainties
to be arbitrarily reduced. The presence of rf leakage and its unpredictable
effects preclude such action at this time. A specific development of uncer-

tainty analysis will be required to validate reduction of present calibration

uncertainties.
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3.4.1.1 Conclusions:
1. The present uncertainty budget is valid.

2. The absolute value of the attenuation rate is correct.

3.4.2 Comparison with NBS Six-Port System (Figures 3.23, 3.24)

3.4.2.1 Comparison Using the NBS Model SA-1 and the LF Six-Port ANA

To build confidence by further intercomparison, an NBS=designed Model
SA-1 10-dB step attenuator was calibrated using the NBS 30 MHz primary attenua-
tion standard and the NBS low frequency dual six-port system. The comparison
was performed primarily to check the six-port, but a check on the NBS 30-MHz
primary attenuation standard was also achieved.

The plot (figure 3.23) shows U0 measurements with the 30 MHz primary stan-
dard and 20 measurements with the six~port system. The averages differ by
only 0.002 dB which is well within the estimated uncertainty bounds of both
e transfer standard showed more occasion-to-occasion variability
than normal but the consistency was adequate for a confidence check on both

systems.
3.4.2.1.1 Conclusions:
1. The present uncertainty budget is valid.

2. The calculated attenuation rate is correct.

3.4.2.2 Comparison Using a Step Attenuator and the LF Six-Port ANA.

An additional comparison was performed using a step attenuator as a trans-

fer standard at six fixed attenuation increments. This device exhibited excel-
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lent repeatability as shown in figure 3.24. Examination of the plot shows a
significant deviation at 60 dB which is the current limit of the six=port
range. This 60-dB point measured on the six-port, which is obviously in er-

ror, should be ignored in assessing the performance of the 30 MHz system.

3.4.2.2.1 Conclusions:
1. The uncertainty budget is valid but conservative.

2. The calculated attenuation rate is correct.

3.4.3 Comparison with International Laboratories

The results of an international comparison of several fixed attenuation
standards are plotted in figures 3.25.1 through 3.25.5. This comparison spans
four years and was reported in [17].

The participating laboratories were:

1. NML: Australia

2. NBS: National Bureau of Standards

3. NRC: Canada

4, ETL: Japan

5. NPL: Great Britain

6. FOA: Sweden

7. OMH: Hungary

8. PTB: West Germany

A study of the data shown on the five plots for the five fixed stan-
dards indicates two laboratories reported results with substantial bias. The
values reported by NPL may be disregarded since they subsequently reported an

error In computation which invalidates their results. The values reported by
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Sweden include uncertainty budgets that are too large to be useful in examin-
ing the relationship of NBS to a mean value.

A decision has been made for purposes of this documentation to consider
only the values reported by Australia, Canada, Japan, West Germany and NBS.
Hungary was also eliminated because of the large uncertainty bounds associated
with their reported values. Table 3.1 below lists the means of the values

reported by the selected laboratories.

TABLE 3.1

Mean Values of Fixed Attenuation Standards Measured by

Five International Laboratories Including NBS

Nominal Value Mean of NBS Deviation Reported NBS
of Standard Selected Labs from Mean Uncertainty
dB dB dB dB _
3 3.0009 0.0001 + 0.002
6 6.0409 0.0001 + 0.003
10 10.0225 -0.0005 + 0.004
20 19.7178 0.0002 + 0.008
L0 39.4930 0.005 + 0.016

Examination of the results clearly lends confidence to both the absolute

values reported by NBS and the associated uncertainty bounds.
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3.4.3.1 Conclusions:
1. The NBS uncertainty budget is valid.
2. The calculated absolute'attenuation rate is correct within

the established uncertainty limits.

3.5  Measurement Quality Assurance

3.5.1 Summary of Consistency of 30 MHz System Measurements

Section 3.2 has a detailed multiple-year calibration history for three
different basic attenuator designs. The results show a reﬁarkable degree of .
measurement system control. The conclusions regarding the degree of control
of the measurement process are particularly significant considering the evolu-
tion, repair and rebuilding of the 30 MHz system that has taken place over the
past 22 years.

In addition to the affirmation of measurement control, the results also
confirm the validity of the uncertainty analysis and the assigned measurement
uncertainty. This is due to the measurements on attenuators with independent-
ly calculable values. Each device can be considered a separate check on the

30 MHz measurement system values.

3.5.2 Summary of Comparisons with NBS SQUID System

Section 3.4.1 describes the comparison plot shown in figure 3.22. This
plot, and similar ones published in references 13 through 16, clearly validate
the absolute attenuation rate calculated for the NBS 30 MHz primary standard

of attenuation.
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Although it appears that the typical calibration uncertainty limits
normally assigned by NBS are conservative, such a conclusion would be errone-
ous.

The effect of rf leakage depends on where it occurs in the system, how
it travels along exterior surfaces, where it recombines with the true signal
to be measured and with what phase. These effects are impossible to assess
with any confidence. An additional intangible factor is the effective source
impedance of the leakage signal. If rf energy is emerging from 4 narrow gap
in the system, this system will possess a very low source impedance. If the
source impedance is sufficiently low it is extremely difficult to ground any
of the surface-conducted energy or to prevent its reintroduction through small
gaps into desired signal paths.

At this time we feel the present uncertainty budget is appropriate for
‘all measured values, especially above 60 dB where leakage adds a significant
uncertainty contribution. In the future, the uncertainty limits below 60 dB
can be reduced by retrofitting a laser interferometer for displacement measure-

ment as resources become available.

3.5.3 Summary of Comparisons with NBS Six-Port Systems

Section 3.4.2 describes comparison plots shown in figures 3.23 and 3.24.
These plots of two different step attenuators were originally made to
illustrate the performance of the NBS 10-1000 MHz dual six-port ANA system.

Figure 3.23 compares measurements made on an NBS designed 10-dB step
attenuator based on the WBCO principle. The scatter of the observed data re-

flects a resettability problem with the Model SA-1 rather than random varia-
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tions in the NBS primary standard. In a similar sense, the scatter of the
six-port data probably reflects the same problem.

The significant conclusion to be drawn from figure 3.23 is the close
agreement of the mean values. The two systems are totally different in prin-
ciple; one is based on the decay of an evanescent mode and the other on a dual
reflectometer. Both systems produced nearly identical results. The results
clearly show that the NBS system is providing values within assigned
uncertainty limits.

Figure 3.24 compares measurements made on a resistive step attenuator
at six values of attenuation. The individual steps have been normalized to
their nominal values (i.e., the 10~dB step actually measures 9.989 dB). The
significance of the plot is the correspondence of values measured with two
independent systems. As was concluded from figure 3.23, the NBS primary

standard is providing measurements well within established uncertainty limits.

3.5.4 Summary of International Intercomparisons

Section 3.4.3 describes an extensive comparison of fixed attenuators by
primary laboratories from seven countries in addition to the United States.
Measured values for five fixed attenuators are plotted in figures 3.25.1
through 3.25.5. A table showing NBS deviation from an adjusted mean is also
included to reflect the comfortable margin provided by the assigned NBS uncer-
talnty bounds. It should be noted that these limits are tighter than normally
assigned by NBS. This is due to a larger number of individual measurements

above the normal quantity, thus reducing the standard deviation of the mean.
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An analysis of these results offers the most conclusive evidence of all
that the NBS system is providing measurements within our assigned uncertainty

limits.
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4.0 Conclusions - 30 MHz Attenuation Measurements

It has been proven that the NBS Attenuation Measurement System as
documented in this text is operating under statistical control and is
prdviding calibrations well within stated uncertainty limits.

It is also reasonable to conclude that assigned uncertainty limits
could be reduced by hardware modification of the displacement measurement sys-
tem. The development and marketing of improved 30 MHz WBCO attenuators in the
United States and in Great Britain require that NBS undertake a modification
program as soon as practical to maintain our assigned primary standards mis-

sion.
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5.0 Conclusions - 30 MHz Phase Shift Measurements

The NBS Phase Shift Measurement capability has been sparingly used over
the past 18 years. FEven with a limited data base the uncertainty analysis
appears to be conservative. The ability to use the concept of closure at 0
and 360 degrees further validates the assigned uncertainty limits (refer to
Section 2.4.2).

As an example, the 1969 calibration of an R-30 resolver lacked closure
by 0.76 deg based on measuring 12 separate 30-deg increments. This represents
a deviation of 0.06 deg for each 30-deg increment. A comparison of this with
the estimated uncertainty of 0.2 deg yields a fairly safe margin.

The lack of closure for test 807850 over 18 years averaged 0.3 deg for
a deviation of 0.025 deg for each 30-deg increment. Inspection of figures
3.21.1 through 3.21.5 validates control of the measurement process over the 18
years. Figures 3.20.1 through 3.20.3 yield a similar conclusion for test
809499,

In summary, the phase shift measurement capability has reasonable as-
signed uncertainty limits and appears to be in good statistical control.

The limited data basc for assessing measurement control, the limited
use of this service and the lack of independent accuracy validation lead to
the conclusion that phase shift measurements should be a special test service

rather than a calibration service.
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6.0 Summary of NBS 30 MHz Attenuation and Phase Shift Calibration

System Uncertainties

TABLE 6.1

Summary of 30 MHz Attenuation and Phase Shift

Calibration Uncertainties

Quantity/Device Uncertainty

ATTENUATION:
. International Comparisons and Primary

Standards Laboratory Quality DeviceS..eeeveeecsssasseeses0.003 dB/10 dB
. Good Quality Calibration Standards with

Low Rf Leakage..... errieeees e e Cerrreeeeens .0.004 dB/10 dB

. Typical Commercial Fixed and Variable Attenuators.........0.005 to 0.01

dB/10 dB
PHASE SHIFT:
« Good Quality Phase Shifters with Low Rf
Leakage and Nearly Constant Insertion LoSS...eeeveeesecnes 0.2 deg
per 36 deg
+ Average Quality Phase Shifters...ceivececscsecscecsnncnans 0.5 deg
per 36 deg

6-1



1]

[2]

£33

(4]

(5]

[61]

[7]

(8]

9]

101

(111

7.0 References

Uriano, G.A.; Garner, E.L.; Kirby, R.K.; Reed, W.P., eds. NBS calibration
services users guide. 1986-1988 Edition. Natl. Bur. Stand. (U.S.) Spec.
Publ. 250; 1986 July. 204 p.

NBS calibration services users guide 1986-1988 edition fee schedule.
Natl. Bur. Stand. (U.S.) Spec. Publ. 250 Appendix; 1986 Juiy. 94 p.
Beatty, R.W. Microwave attenuation measurements and standards. Natl. Bur.
Stand. (U.S.) Monogr. 97; 1967 April. 45 p.

IRE standards on antennas and waveguides: Definitions of terms (1959).
Proc. IRE. 47,(4): 568-582; Standards 59 IRE 2.S1. 1959.

IEEE standard specifications and test methods for fixed and variable
attenuators, de to 40 GHz. IEEE Stand. 474-1973. 24 p.

Beatty, R.W. Effects of connectors and adapters on accurate attenuation
measurements at microwave frequencies. IEEE Trans. Instr. 13: 272-284;
1964.

Beatty, R.W. Insertion loss concepts. Proc. IEEE. 52(6): 663-671; 1964,
Russell, D. H. High frequency calibrations systems. Notes from
High-Frequency and Microwave Attenuation Seminar. March 1968.

Russell, D.H.; Larson W. Rf attenuation. Proc. IEEE. 55(6): 942-959;
1967.

Allred, C.M.; Cook, C.C. A precision rf attenuation calibration system.
IRE Trans. Instr. I-9 (2): 268-274; 1960 September.

Brown, J. Corrections to the attenuation constants of piston attenuators.

Proc. IEE (London), 96 (III): 491-495; 1949 November.

71



[12] Stoltenberg, R.E. Rf null detector NBS/SND. Natl. Bur. Stand. (U.S.)
NBSIR 73-302; 1973 June. 83 p.

[13] Kamper, R.A.; Simmonds, M.B.; Adair, R.T.; Hoer, C.A. Advances in the
measurement of rf power and attenuation using SQUIDs. Natl. Bur. Stand.
(U.S.) Tech. Note 661; 1974 September. 27 p.

[14] Adair, R.T.; Simmonds, M.B.; Kamper, R.A.; Hoer, C.A. Rf attenuation
measurements using quantum interference in superconductors. IEEE
Transactions on Instrumentation and Measurement. IMs23 (4): 375-381; 1974
December .

[15] Adair, R.T.; Frederick, N.V.; Sullivan, D.B. Rf attenuation measurement
system using a SQUID. Natl. Bur. Stand. (U.S.) NBSIR 77-863; 1977
September. 146 p.

[16] Sullivan, D.B.; Adair, R.T.; Frederick, N.V. Rf instrumentation based on
superconducting quantum interference. Proc. IEEE. 66(4): 454-463; 1978
April.

[17] Rapport de la 15° Session, Comité Consultatif d'Electricité; Bureau

International des Poids et Mesures, Annexe E15, E81-E94, 1978.

1-2



8.0 Acknowledgments

The authors would like to express their sincere appreciation to the fol-
lowing people for their assistance in producing this document: L.F. Saulsbery
for supervising the calibration services; Connie L. True for calibrating the
sample devices under test and preparing the measurement results; Robert M.
Judish for his help in properly reporting these measurement results; Edna M.
Jones and J. Kathleen Hillen for preparing the sample calibration reports;
Eleanor Livingston for technical editorial assistance; Shirley Deeg for handl-
ing the publication details; and Terry Yenser, Marlene Deutsch and Karen
Forberg for preparing the manuscript.

We would also like to express our gratitude to the many technical staff
members who assisted in the design, development, construction, and maintenance
of this measurement system.

Furthermore, we would like to thank the technical readers M. Crawford, R.
Lawton, and D. Vecchia for their valuable assistance in completing this docu-

ment .

8-1



9.0

Appendices

9.1

9.2

9.3

9.4

9.5

Appendix

A

Excerpt from Reference 5.

Appendix
Complete
Appendix
Complete
Appendix
Excerpts
Appendix

Drawings

B

copy of Reference 10.
C

Copy of Reference‘14.
D

from Reference 17.

E

of System Components.



9.1 Appendix A

Excerpt from Reference 5.

9-2



IEEE Standard
Specifications and Test Methods for
Fixed and Variable Attenuators, DC to 40 GHz

Including Trial-Use Sections on
 Insertion-Loss Repeatability and
Characteristic Insertion Loss of a Noninsertable Two-Port

1. Purpoée and Scope

This performance standard covers absorp-
tive and reflective attenuators, both fixed as
well as continuously variable or variable in
fixed steps, both manual and programmable
types. It does not cover electronic or solid-
state-type attenuators.

This standard permits the user to select for
a specification those minimum performance
parameters which characterize an attenuator.
A list of preferred test methods is included
permitting verification of the attenuation
characteristics.

Practical minimum performance limits are
furnished for various applications. These are
for guidance only and will improve with time.

2. Definition of
Characteristic Insertion Loss

2.1 Interpretation of Characteristic Insertion
Loss. An attenuator is ideally a linear net-
work which may be in the form of a trans-
mission line or waveguide component de-
signed to reduce the input power by a pre-
determined ratio. The ratio of input to output
power is commonly expressed in logarithmic
terms such as decibels. The power output
ratio as commonly used in the "'characteristic
insertion loss'’ relation is shown in Fig 1. The
ratio specified is equal to the characteristic
insertion loss since source and load are reflec-
tionless. The term *‘attenuation’’ is used rath-
er loosely and means ‘‘characteristic insertion
loss'' as defined in Fig 1. Attenuators include
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absorptive and reflective devices, having at
least two ports.

Pmru“r-o} Pourpur—oi
an'A'A VAo
RFE 1 1
SOURCE : : ’
WITH H H Z °
INTERNAL i ] LoAD
IMPEDANCE ""zo Z o~
— 1 — 1 =
Zo = = =
Fig1

Definition of Characieristic Insertion Loss

Pinpyut = Incident power from Zg source
Pourpur = Net power into Z, load

P,
Characteristic insertion loas = 10 logygo INPOT

dB
Pourpur @B)

There are fixed attenuators, continuously
variable, and step attenuators. Only Z,
matched, two-port attenuators, designed for
use in a Zo system, are treated in this stan-
dard.! They are reversible except when spe-
cially noted as, for example, for a high-power
attenuator. All attenuators in this standard
are passive, linear, resistive or reactive, nomi-
nally symmetrical in impedance.! Voltage-
variable attenuators, including vacuum tube
or solid-state types, are not covered in this
standard.

To specify a variable attenuator, one must
know its end use. If the device is used to
extend the range of a power meter, one re-
quires to know its terminal-to-terminal or
total loss. This is described by the character-
istic insertion loss. However, in most appli-
cations the variation above the mimimum loss
is of major interest. One specifies then the

'Section 8. published for trial use. includes attenuators
having different input and output impedance.
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A Precision RF Attenuation Calibration System”

C. M. ALLRED{, MEMBER, IRE,

INTRODUCTION

HE XNEED for higher accuracy in attenuation
Tmeasurements has kept pace with the advances in

electronics. In an effort to meet the demands in
this field, a precise and accurate system for the meas-
urement of attenuation has been developed.

The system discussed operates at 30 Mc, but similar
systems under construction are designed to operate at
other frequencies. Choosing a single frequency of opera-
tion allows designs that increase the stability, extend
the measuring range, lessen the problems of leakage,
and enhance the over-all accuracy.

THE SysTEM
Description of the System

Achicving a system with scnsitivitics of 0.001 db, ac-
curactes of a few thousandths of a db, and a range e¢x-
ceeding 120 db requires careful design and special tech-
niques. With such large ranges of attenuation (o be
measured, the monitor should be capable of voltage
gains of 10" or more. Because of the stability problem of
such a monitor and the desired sensitivity of 0.001 db,
it was decided to operate in a two-channel system and
use a null response. As is well known, the use of two-

* Received by the PGI, June 24, 1960. Presented at the 1960
Conference on Standards and Electronic Measurements as paper 6-2.
t National Bureau of Standards, Boulder, Colo.

anDp C. C. COOKt, MEMBER, IRE

channel techniques greatly lessens the problems of level
instability of the source and gain instability of the
monitor. High sensitivity is also inherent in such sys-
tems. One may consider the increased complexity of the
system and the necessity of making adjustment in both
phase and magnitude as payment for the advantages.
The block diagram of the system is shown in Fig. 1.

astomaric) [ o] feowmmuous) [~ e

SouReE. [ LEVEL | | (SEYEL Lo phas (o prsc

CONTROL SHFTER | | SHFTER

MATCHING || CURRENT | | pisron COMBINING

4
neTworc "] SAMELNS M renuar NETwoR 7] MOVTOR
I
MATOHING | | UNKNOWN | | MATCHING
NETWORK | JATTENUATOR] "] NETWORK

Fig. 1—Block diagram for attenuation measuring system.

The RF source is a 30-Nc¢ crystal-controlled trans-
mitter capable of 200 watts output with low residual
modulation. The low resistive component of the piston
attenuator launching coil is coupled to the 50-ohm
source by a special impedance-matching network. The
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current in the launching coil energizes the channel con-
taining the phase shifter and also supplies the input to
an automatic level control network connected to the
source. This network is used to keep the current in the
Jaunching coil constant. The continuous precision phase
shifter having low incidental level changes conneets to
a step adjustable phase shifter. The attenuator to be
tested is inserted between matching networks in the
channel containing the piston attenuator. The two
channels are brought together in a special combining
unit which presents correct impedances to the respec-
tive channels, minimizes interaction between the chan-
nels and has a low insertion loss. The system-is com-
pleted by a high-gain monitor.

Measurements are made by adjusting both the stand-
ard attenuator and phase shifter-until a null respouse is
obtained. This is done with and without the attenuator
under calibration in the system. The change in the
standard attenuator and phase shifter readings gives
the value of attenuation and phase shift of the unknown.

In its present form, the phase shifter has no accurate
displacement measuring device and no attempt will be
made to evaluate the phase measuring characteristics of
the svstem.

Front and rear views of the complete syvstem
mounted in a console are shown in Figs. 2 and 3, re-
spectively.

Standard Attenuator

Properties: Piston attenuators are used quite exten-
sively for precision attenuation measurements.!=3 The
major advantage of such attenuators is that the atten-
uation is determined (except for secondary effects) by
the fundamental units, length and time (frequency).
Another advantage is that close impedance matching is
usually not a stringent requirement.

The attenuator has its disadvantages. It is essentially
a nondissipative instrument and reflects varying
amounts of energy rather than absorbing it as the at-
tenuation is varied. As a result, the minimum insertion
loss is quite high for linear operation and the terminal
impedances are reactive. Usually, frequency sensitive
networks are used for impedance matching. An addi-
tional problem occurs because of the permeability and
finite conductivity of the material used for the wave-
guide! These cause a second-order effect on the attenua-
tion constant. This requires a determination of the
permeability and conductivity of the material used in
the guide wall. Since the attenuation constant « is a
slowly varying function of frequency, a single scale
cannot he used over wide frequency ranges without cor-

' D. E. Harnett and N. . Chase, “The design and testing of
multirange receivers,” Proc. IRE, vol. 23, pp. 578-593; June, 1935.

2 R. E. Grantham and J. J. Freeman, “A standard of attenuation
for microwave measurements,” Trans. AIEE, vol. 67, pp. 535-537:
June, 1948.

¥C. G. Montgomery, “Technique of Microwave Measurements,”
M.L.T. Rad. Lah. Series, McGraw-Hill Book Co., Inc., New York.
N. Y., vol. 11, ch. 11, pp. 679-719; 1947.

Allred and Cook: A Precision RF Attenuation Calibration System

Fig. 3—Rear view of attenuation measuring system.

rection. Only output signal ratios are measured: the re-
lationship between input and output, if desired, must
be determined by other means.

Theory: Fields existing within a uniform perfectly-
conducting waveguide can be expressed as a linear
combination of terms called modes. The field compo-
nents for cach mode are proportional to the quantity,
e7v#tiet where the propagation constant vy is purely
imaginary and is determined entirely by the guide di-
mensions and frequency.

Below a certain frequency, called the cutoff fre-
quency, vy becomes purely real and the fields decay ex-
ponentially at a rate dependent upon the mode. To in-
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sure mode purity at high attenuation levels, the mode
with the smallest decay rate is commonly used.

In the actual case, the permeability and finite con-
ductivity of the guide walls and the properties of the
medium within the guide add a small imaginary and
real part to the above propagation constant.

A good approximate equation for the propagation
constant of the 7T'Eyy mode is given by :#

_ Pn / ( /)"' T
uC ay‘mufo
i 1
1 |

. 1 — .
e
a - . ‘

puC N TR

a = physical radius of guide
pn=1.8411838, a constant which is the first root of

the first derivative of the first-order Bessel Func-
tion of the first kind

f=frequency

C=velocity of light in an unbounded medium hav-
ing the electrical properties equal to that within
the guide

w=permeabilityv of guide wall

1 +j(1 -

where:

MKS svstem of units are used throughout. With the
operating frequency so far below the cutoff frequency,
neglecting the effect of even moist air within the guide
as compared to vacuum gives rise to an error less than
1 part in 107. (C for vacuum =299793.0 +£ 0.3 km ‘sec.?)

Circular Waveguide: In the system described, circular
waveguide was used with the excited field consisting of
the TEj mode. The displacement of the receiving coil
relative to the launching coil is measured by a ruled
scale and optical projector. The scale is accurate to
0.0001 inch in any 6 inches.

The guide is composed of brass and has an outside di-
ameter of 3.9 inches and a length of 22.3 inches. The in-
ternal diameter of the guide was chosen so as to give an
attenuation rate of 10 db per inch. This diameter was
measured at 2
age diameter was 3.19725 inches with a maximum vari-
ation of 0.00003 inch. The accuracy of the measure-
+50 millionths of an
measurements were made at 68°1
operated about 4°F ahove this temperature.
mal coeflicients of expansion of the stainless steel scale

2-inch intervals along the guide. The aver-

ments are within inch. These

while the svsten is
The ther-

4], Brown, *Corrections to the attenuation constants of piston
attenuators,” Proc. TEE vol. 96, pt. 3, pp. 491 495: November, 1949,

5 C. M Allred, “Chart for the TE) mode piston attenuator,”
J. Res. NBS, vol. 48, pp. 109110 February, 1952,

& 10WONL DuMond, “Present status of precise information on the
universil physical constants. Has the time arrived for their adoption
to replace our present arbitrary conventional standards?™ PRE
Trans. ox InstrUMENTATION, vol -7 pp. 130 175; December,

1938.
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same. If they
were cqual, temperature variations would have negli.
aible effect. Assuming a conservative § parts per mil-
hon (20 per cent) difference in their coefficients, a caley-
lable error of 0.0001 db per 10 db could arise for the
1°F variation. An uncertainty of 0.0001
inch in the diameter of the guide at 68°F adds an er-
ror of 0.0003 db per 10 db Lhe de conductivity of the
wuide was found to be 1. %Amhoq per meter. From Cham.
bers and Pippard” and Busscy,* it is conscrvative to say
that the RF conductivity does not decrease more than
10 per cent from the bulk dc value. Assuming the RF
conductivity has decreased from the dc value by 5 per
cent, this value of conductivity will be fairly certain to
+ 5 per cent. Such an uncertainty gives rise to an error
of 0.00026 db per 10 db.

The inside wall of the guide has a thin coating (3 to
10 microinches) of rhodium. This provides a hard sur-
face for the silver sliding contacts of the piston to bear
upon and prevents corrosion of the brass surface. The
effective conductivity of the guide surface is insignifi-
cantly altered from that of the brass itself.

and the brass guide are approximately the s

temperaiture

Input Svstem

The input svstem of a piston attenuator is important,
as it plays a major role in the over-all measurement
range. The high initial insertion loss inherent in piston
attenuators arises from lack of mode purity and the in-
teraction of the output on the input when the coil sepa-
ration is small. What is needed is an input syvstem that
launches the single TE;; mode with an intensity inde-
pendent of the position of the output coil, or a svstem
that launches the desired mode with such a strong in-
tensity that the output coil need not come close to the
input coil. Both approaches are simultaneously used.
Barlow and Cullen?® reduce the interaction effect by
making the magnitude of the geuerator and lead resis-
tive impedances equal to the characteristic impedance
of the attenuator. Weinschel, Sorger, and Hedrich!? re-
duce the effect by considering the entire attenuator as a
mutual inductive coupled tuned bandfilter and adjust
the generator impedance for minimum deviation from
linearity.

Adifferent approach is used here. If one could achieve
a current sheet with a spatial distribution in the trans-
verse plane of the guide having the same form as the
familiar electric field pattern of the TE; mode, the de-
sired evanescent mode would be launched in both di-
if the
current sheet were constant (infinite impedance gener-

rections from the current sheet. Furthermore,

TR G Chambers and AL B Pippard, “The Effect of Method of
Preparation on the High-Frequeney Surface Resistance of Metale,”
bnst.of Metals, London, Eng., Monograph No. 13, pp. 281-293; 1933,

LK. Bussey, “Standards and measurements of microwave skin
depth-conductivity, surface ipedance, and Q.” this issue, p. 171,

1ML Barlow and AL L. Cullen, *Microwave Measurements,”
Constable and Co., Ltd., London, Eng., pp. 384-388; 1950. )
RO, Weinschel, G UL Sorger, and . L. Hedrich, “Relative

voltmeter for VHF/UHF signal generator attenuation calibration,”
IRE TraNs, oN INsTRUMENTATION, vol. [-8, pp. 22-31; March, 1959,
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ators) and independent of the fields reflected from the
pickup coil, the interaction effect would cease to exist.
The above conditions are approached by constructing
the launching coil after the above pattern (see [Fig. 4).
The constant current sheet feature is approached by
sampling the launching current and keeping this current
constant by means of negative feedback to the RF
source.

The attenuator guide has been extended beyond the
launching coil for a twofold purpose. The pickup coil
must produce a reflected field since it absorbs energy.
This reflected field passes through the launching coil
with little interaction and is terminated by the guide
extension. The field excited by the launching coil in the
guide extension is also terminated.

The problem of matching the low resistive component
(estimated to be between 0.01 and 0.1 ohm) of the
launching coil is quite severe. This is accomplished by
meaus of a special network utilizing small ceramic ca-
pacitors in a ladder arrangement. These capacitors have
a high RF voltage and current rating; this permits
operation of the matching network at inputs to 200
watts. A 100-watt input produces a current of the order
of 35 amperes in the launching coil.

The launching unit is constructed of small stainless
steel tubing and water is passed through the unit to pre-
vent excessive heating of the guide which would change
its dimensions.

Mode filters are also used, since the reactive im-
pedance of the launching unit gives rise to some axial
electric field.

Performance of the input system is discussed later
along with the over-all system performance. A detailed
report of such input systems is being prepared for pub-
lication.

Phase Shafter

A precision continuous phase shifter was needed
which had level changes less than 0.001 db as the phase
was varied. This placed the following restrictions on the
phase shifter: the section of the phase shifter whose elec-
trical length is varied must have a very uniform char-
acteristic impedance, it must be terminated in this
value of impedance, and the line must be sufficiently
large to rednce the wall lnsses due to the finite condue-
tivity of the metal.

The phase shifter is of the trombone type (see Fig. 5).
This type consists of two stationary transmission lines
connected together by a U-shaped transmission line
which moves relative to the stationary section in a
telescoping manner. Single-frequency operation per-
mitted use of the simplified nonconstant impedance
construction. The stationary sections of the phase
shilter consist of precision coaxial lines which are termi-
nated at both ends in their characteristic impedances.
The moveable section is dimensionally stable but non-
precise. The undesirable level changes caused by im-
perfectly terminating the precision line are lessened if

Allred and Cook: A Precision RF Attenuation Calibration System 271

Fig. 5—Phase shifter.

both ends are closely matched to the characteristic im-
pedance of the line. A 10-db pad bracketed by imped
ance matching networks has been built into the center
of the moving section. This provides isolation between
the two halves of the trombone and the correct termi-
nating impedances for the corresponding ends of the
precision section. Additional pads and matching units
are provided for terminating the other two ends.

The outer conductors of the precision section of the
phase shifter are electroformed copper cylinders. A
heavy silver plate with thin rhodium coating is on the
inside walls. The inside diameters are 3.33 inches, out-
side dimeters, 3.9 inches, and lengths, 22.3 inches. The
center conductors are brass rods with silver plate and
rhodium coating similar to that used on the outer con-
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ductors. The diameters are 1.44 inches. Maximum de-

parture of the critical diameters from the mean value

is 0.00035 inch. The maximum change in characteristic
impedance at any point due to these diameter varia-
tions is less than 0.04 per cent. These are caleulated
variations and represent pairing the worst possible
combinations of diameter measurements. The averag-
ing effect of the smooth variations in the diameters
would produce a much smaller variation in character-
istic impedance.

The complete phase shifter was made operational by
adjusting the four terminating matching networks until
input and output impedance changes were very small
as the moving section was varied. These changes were
less than 0.01 ohm for both real and reactive compo-
nents as measured on an RF bridge having high differ-
ential sensitivity.,

The constancy of output level of the phase shifter was
measured using crystal diode detectors in a very sensi-
tive differential circuit. The maximum level variation
was less than 0.0005 db. This occurred for a 33° phase
shift. The phase shifter level change will be significantly
less than this in the case of most piston attenuators and
dissipative attenuators operating where the attenuation
is essentially independent of frequency since the phase
shift is usually small in these attenuators. In anyv case,
corrections can be made.

The Combining Junction

The two channels are brought together by means of a
special network. This network minimizes interaction be-
tween the two channels which would otherwise require
excessive padding Lo maintain impedance match. The
network!! is based on the bridged-T circuit. Such a net-
work, if ideal, completely isolates the two channels from
each other, presents each channel with the correct
matching impedances, and would have an insertion loss
of only 3 db. The actual network has the following
measured characteristics:

Isolation between inputs: 110 db
Input Impedance:
Input 1
Input 2

50.4 470 ohms
50.9+50 ohms

Insertion Loss:
Input 1 to output
Input 2 to output

4 db
4 db.

The combining junction with cover removed is shown
in Fig. 6.

SYSTEM PERFORMANCE

The system is essentially a primary standard and
therefare does not require calibration. In comparisons
with other standards, agreement has been within the
corresponding crror limits. Tests to check the self-con-
sistency of the system have been made by measuring a

1 C. M. Allred and C. C. Cook, “A multiple isolated-input net-
work with common output,” to be published in J. Res. NBS.
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fixed value of attenuation at various initial positions of
the attenuator, at different input power levels, and vari-
ous initial positions of the phase shifter. The system is
new-and a few additions and modifications are yet to be
made. The main addition will be a special low-noise
stable monitor using phase detection designed to fit
the system’s special requirements. The present monitor
is a slightly modified ordinary commercial communica-
tion receiver.

Sensitivity

The system has a sensitivity greater than 0.001 db at
a level of 80 db below 1 volt output of the standard at-
tenuator. In principle the sensitivity would increase by
a factor of 10 for every 20-db increase in level. Instabil-
ity of components and the fact that the signal is not
strictly a pure single frequency sine wave prevent the
sensitivity in a null system from completely achieving
the ideal.

Stability

All components were constructed and mounted so as
to give the system stability. For example, solid semi-
flexible coaxial line is used throughout. The stability is
indicated by the following calibration data of a com-
mercial attenuator, Table T. The time sequence is from
left to right and each row is a repeat of the attenuator
settings. A lapse of about one hour occiirred while data
were being taken. This means that the time lapse be-
tween succcesive values in a given column represents
roughly 12 minutes. All values are in db. Instabilities
do occur sometimes, as indicated in the last two read-
ings and a few components have had to be changed.
Normally, quite a few readings can be taken before a
drift of 0.001 db is noticed. As the difference between
two readings gives the wvalue of attenuation desired,
the drift usually does not impair the accuracy signifi-
cantly.
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TABLE 1
DATA SHOWING STABILITY OF SVSTEM E 9.980 I O e I I JIAN i
— === T - T E 9978 | — . I \ /
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w
% ger2 / -
Lincarity a L
e 9970
23 33 43 53. 63 73 83 93 103 U3 123 133 143

The linearity of the attenuator at close coil separa-
tions is good but the point of departure from linearity
(due to the interaction effect) could not be ascertained.
The problem occurs because of heating effects in the
pickup coil as the output level increases. This slow
thermal drift occurs before any interaction effect is
noticed.

The equivalent change in linearity produced by this
high level thermal drift is about 0.006 db at the 3-volt
level and is essentially absent at the 1-volt level.

A stable 10-db step of a dissipative attenuator was
measured at various positions of the standard attenu-
ator. T'he results are given in Fig. 7. The first point on
the left, for example, gives the value of 9.971 for the
nominal 10-db step of the dissipative attenuator when
the standard attenuator is operated within the 23- to
33-db region. The 1-volt output level is at about the
33-db position. The first point deviates from the others
because of the above-mentioned thermal drift in the
pickup coil when operated at the 3-volt output level
(23-db position). The last four points show deviations
due to poor signal-to-noise ratio. When these data were
taken, the temperature control system for the water
flowing in the launching unit was not installed and the
input end of the attenuator was a few degrees colder
than the output end. A rough calculation of this effect
is indicated by the dashed line and shows that, when in
proper operation, the system will be more linear. There
has been insufficient time to take new data.

Measuring Range

The data in Fig. 7 do not represent the range of the
svstem, as additional padding had to be added to the
attenuator channel at higher output levels (less attenu-
ation) to permit nulling with the phase shifter leg. The
last nine positions, however, represent roughly the level
of the signal at the monitor. The last point, for example,
is taken at 140 db below the 1-volt level. Thus the data
on the graph represent a measurement range of 150 db.
Each point was obtained by averaging 6 measure-
ments. The standard deviations of the last five points
were, respectivelyv: 1.2, 1.6, 8.1, 6.2, and 30.3 thou-
sandths of a db. The data include any nonreproduci-
bility in the 10-db step of the dissipative attenuator.

Accuracy

The errors discussed do not include those due to mis-
matched impedances presented to the attenuator under
calibration. There are situations where, because of high

ATTENUATOR POSITION

Fig. 7—Attenuator linearity test.

initial insertion loss, the measurement is essentially in-
dependent of impedance mismatch. Such cases occur in
most piston attenuators and also in those dissipative
attenuators having sufficient padding as an integral
part of the attenuator.

The total system error, which is a function of the
range of measurement, A, can be separated into its
parts.

Let
E = En+ E, + Eo + E,

where

E.=total system error.

E.,=error in measuring system. This can be
subdivided into those errors due to the
scale and those due to lack of resolution in
the projection equipment.

Scale error =0.001 db for 0< 4 <60 db, 0.002 db for
60 < .1 <120, 0.003 for 120< 4 <180 db.

Resolution error is somewhat less than 0.001 db for
any value of 4.

E,=errors due to uncertainties in values of guide
diameter, guide conductivity, and temperature
effects. As indicated previously, this is well
within 0.001 4/10 db.

Eg=errors due to level changes in the phase shifter.
These are known sufficiently well to leave the
uncertainties small compared to other errors.

E,=crrors duc to the uncertainties caused by the
random fluctuations of noise. If at large values
of .1(.1 =100 db) six measurements are aver-
aged, the results of tests shown in Fig. 7 would
indicate reasonably safe values of E, to be:

E, = + 0.002 db for 90 < 4
0.004 db for 100 < A
0.01 db for 110 < 4
0.02 db for 120 < 4
0.05 db for 130 < 4

< 100 db
110 db
120 db
130 db
140 db.

[
+
IIA

I
I+
lIA

Il
I+
I\

Il
I+
IIA

These could be reduced by averaging over a greater
number of measurements. The above values of E, are
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based on the assumption that the input signal level to ISy = 4+ 0018 db for 100 < 4 £ 110 db

the. unknown attenuator (attenuation values, 4) is 1 I, = + 0.025 db for 110 < A4 < 120 db
volt. If this is raised to 3 volts:

Joo — 4+ 0.037 db for 120 < 4 £ 130 db

E/ = 1 003 dbfor 130 < 4 < 140 db E. = + 0.068 db for 130 < A4 < 140 db.

<
L = £ 0. for 1 A £150db .. . .
! 06 db for 140 < 4 = 15 Again, if the 3 volt level is usedinstead of the 1 volt:

where E,.’ includes the effect of noise and the thermal I, = + 0.048 db for 130 < 4 < 140 db

drift in the pickup coil. -
The combination of these errors into a total error E. + 0.079 db for 140 < 4 = 150 db.

It

Il
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E:= 4+ 0015dbfor 90 < 4 = 100 db P. L. London.
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RF Attenuation Measurements Using Quantum Interference

in Superconductors

ROBERT T. ADAIR, MICHAEL BANCROFT SIMMONDS, ROBERT ANDREW KAMPER,
SENIOR MEMBER, IEEE, AND CLETUS A. HOER, MEMBER, IEEE

Abstract—A unique portable system has been developed for
measuring RF attenuation over a dynamic range of 62 dB at 30 MHz.
A superconducting quantum interference device (SQUID) is the
basis of the system. A SQUID is a loop of superconducting metal
closed by a weak point contact called a Josephson junction, operating
in liquid helium. It converts variations in magnetic flux to periodic
variations in impedance which are sensed at microwave frequencies.
This provides a convenient natural means of measuring electrical
quantities such as voltage, current, power, and attenuation.

I. INTRODUCTION

TRANSDUCER that converts variations in mag-

netic flux into nearly perfect periodic variations in
microwave impedance which are sensed as the change in
the microwave reflection coefficient is known as a super-
conducting quantum interference device (SQUID).
The period of a SQUID corresponds to one magnetic flux
quantum (2.067854 X 10~ Wb). This provides a con-
venient natural means of measuring attenuation.

These devices are very accurate over a wide dynamic
range. Flectrical quantities are measured by counting
periods (flux quanta) in the response of a SQUID in the
same manner that length can be measured by counting
wavelengths of light emitted by a laser.

Under ideal conditions, if the SQUID input current I
is an RF current, then the SQUID ouput response is the
zero-order Bessel function of the magnitude of the RF
input current.

Thus the output of the microwave readout circuit is
proportional to Jo(27xI/I,) where I is the RF input cur-
rent amplitude and 7, is the current necessary to drive
one quantum of magnetic flux into the SQUID. [, need
not be known to make attenuation measurements. The
values of the argument 2x//I, at the flux quanta nulls
or zeros can be found in a table of Bessel functions. A
single measurement system can be used to measure attenu-
ation from dec to 1 GHz with accuracies comparable to
existing conventional techniques. Several successful proto-
type measurement systems have been constructed at the
National Bureau of Standards based on the SQUID [17].

The major advantages of this new technique for meas-
uring R attenuation include the following.
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1) The relative ease of construction of the system, e.g.,
the accuracy of the measurements does not depend on
high precision machining of mechanical parts such as in
waveguide below cutoff attenuators.

2) The system does not require a standard of attenu-
ation. It requires only a table of Bessel functions to deter-
mine the exact change in attenuation between any two
given flux quanta nulls. : ‘

3) This technique provides a broad frequency range of
operation without tuning (0-1 GHz in one system).

4) The readout technique makes it relatively easy to
automate measurements with this system.

II. SQUID DETAILS

A. Principle of Operation

The basic SQUID system configuration is shown in
Fig. 1, where I, represents the Josephson current and I
represents the input current.

In addition to the usual leakage and displacement
currents that flow through any metallic contact, a Joseph-
son junction passes a component of current (the “Joseph-
son current”) which is controlled by conditions in the
superconductors on either side of the junction. If the
superconductors are connected together to form a loop
closed by the junction, then the Josephson current I,
depends upon the magnetic flux ¢ linking the loop:

I, = I sin (27¢/dp). (1)

I. depends only on the strength of the particular contact.
The quantity ¢, is a fundamental constant of nature
known as the flux quantum

b0 = h/2 = 2.0678538 X 10~15 T-m? (2)

where A is Planck’s constant and e is the charge on the
electron.

This arrangement of a small superconducting loop
closed by a Josephson junction is the basic form of the
SQUID. Since this device is the heart of the whole system,
we will analyze its properties a little further, following
Silver and Zimmerman [2].

The total magnetic flux ¢ linking the loop is the sum

of two terms
¢ = ¢, + LI, (3)

where ¢. is the flux from some external source driving
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the device and L is the inductance of the loop. Strictly
speaking, the current I, in (3) is the total current (in-
cluding leakage, etc.) flowing through the junction. How-
ever, SQUID’s are usually designed so that the Josephson
current (1) is the dominant term; thus we may obtain
an approximate understanding of the action of the device
by neglecting the other contributions to the current. We
may therefore combine (1) and (3):

¢ = ¢, + LI sin (27¢/¢o) (4)
or, alternatively,
I, = I.sin [2x(¢. + LI1,)/¢e]. (5)

Inspection of (i) shows that the current I, has a peri-
odic dependence on the external magnetic flux ¢.. If we
add any whole multiple of ¢y to ¢, the sine function is
unchanged and therefore the current I, is unchanged also.
Remembering that the EMF V' around the loop is just
d¢ dt, we can see that the device presents a nonlinear
impedance to alternating current which is also a periodic
function of the applied magnetic flux ¢..

The standard technique for using a SQUID as a sensor
of magnetic flux is to monitor this variation in impedance
by coupling the device inductively to a readout circuit
operating at some convenient radio frequency, as shown
in Fig. 1 [23-[4]. (These references give the details of
readout circuits operating at 30 M[Hz and the output sig-
nals that can be obtained). In any circuit with stable
geometry the magnetic flux ¢, is proportional to the cur-
rent I. The flux quantum is therefore a natural repeating
unit with which to measure current. The periodic response
of the impedance of the SQUID to variations of magnetic
flux driven by the current I in this circuit is monitored by
a microwave system which detects variations in the miero-
wave reflection coefficient of the SQUID.

The basic responsc of a SQUID system to the current
to be measured is displayed in Fig. 2. This is an oscillo-
scope display obtained with a slowly varying current I.
NMonitored in this way, the periodic response of the SQUID
to magnetic flux has degenerated into a simple and re-
markably pure sine function.

When the input current 7 is an RF current, the system
records an average over a segment of Fig. 2. The width of
the segment is determined by the amplitude of the RF
current, and its location can be moved by simultaneously
applving a dc bias current. As the amplitude of ihe
RI current varies, this averaged response reflects the
basic periodicity of the SQUID. This is shown in Tig.
3, which is an oscilloscope display obtained by apply-
ing a slow amplitude modulation to an RI" current at
65 MHz applicd to the SQUID. In the approximation, the
hasic response to current shown in Fig. 2 is a sine function

“sin (20 1), and the averaged response to RIS current
shown in Ilig. 3 ean be shown to be the zero-order Bessel
junetion Jo(2x1 1) [1]. In both expressions [, is the
current required to drive one quantum of magnetie flux
into the SQUID. It may be determined with a single
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measurement using de. Notice that the frequency does
not enter explicitly into these expressions.

B. Physical Configuration

Iigs. 4+ and 5 show a drawing and a photograph, re-
spectively, of the L-band SQUID used in this work. It is
4 reentirant cavity that resonates at 1.2 GHz with a loaded
Q of about 25. The coffin-like shape was chosen to facili-
tate packing multiple SQUID’s into a confined space in
a small eryvostat. The microwave readout svstem contains
L-band components connected via H0-Q coaxial line.
It is criticallv coupled to the cavity of the SQUID. The
signal at 30 MHz to be measured is coupled in via a 3-
turn coil terminated by a 50-2 load connected directly to
the SQUID. It requires 10 pA to induce a magnetic flux
of one quantun. We chose this value of I, for a convenient
power level for measuring attenuation; it can be adjusted
over a range of about 20 dB by changing the number of
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Fig. 4. Resonant L-band SQUID. This is a reentrant cavity with
the point contact and the microwave coupling placed at points
chosen to match impedances.

Fig. 5. Resonant L-band SQUID, showing RF input coupling cvil
and connection for microwave drive.

turns on the coil. This SQUID generates readout signals
close to the theoretical optimum power (2 pW).

The two halves of this SQUID are made of solid Babbitt
alloy (4.5-percent Sn, 10.5-percent Sb, and 85-percent Pb)
for ease of fabrication. It is superconducting at approxi-
mately 8 K. The finished SQUID must resonate within
the passband of the readout circuit at 1.2 GHz. This can
be accomplished by trimming the metal parts or the di-
electric spacer. This SQUID was machined by a computer-
controlled milling machine.

The SQUID is assembled by bolting the two halves
together. The joint is then sealed (electrically) with
Rose’s metal (50-percent Bi, 25-percent Pb, 25-percent
Sn) applied with a soldering iron with no flux.

Three SMA connectors are soldered to the body of the
SQUID with Rose’s metal which is superconducting at
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a.ppfoximately 8.5 K. Two of these are wired to the signal
coil; while the third, which carries the L-band drive, is
connected across the dielectric (polyimide plastic) gap
to the opposite side of the cavity. This is most conven-
iently done by attaching a copper pin to the center con-
ductor of the SMA connectors.and pressing a matching
socket into the lid of the SQUID. A suitable socket may
easily be obtained by taking the center conductor out of a
female SMA connector.

The point contact is between a sharp-tipped 0.8-mm
UNM screw and a plated niobium foil, 1 mm by 2 mm
by 0.02 mm, both plated with a Pt-W alloy, as illustrated
in Fig. 6. The niobium foil is spot welded to a 2-56 NC
niobium screw. This passes through the lid of the SQUID
and should be held in place by a lock nut. The small
0.8-mm niobium screw passes through the main body of
the SQUID. The far end is flattened to the shape of a
screwdriver, which engages with a removable adjusting
rod in a guide tube passing out through the top plate of
the cryostat. A small leaf spring takes up the backlash of
the screw when the drive is disconnected.

These junctions can survive electrostatic discharges
100 times greater than that which would burn out an
uncoated (unplated) point contact of the same configura-
tion. They behave electrically like an uncoated point
contact with a shunt resistance of about 0.1 ©. This does
not noticeably degrade the readout signal obtainable from
SQUID’s at frequencies ranging from 30 MHz to 9 GHz.
It brings the bonus of a tendency to increase the purity of
the sine-functional form of the basic response shown in
Fig. 1, thereby improving the convenience and accuracy
of RF measurements with these devices [1].

III. MEASUREMENT SYSTEM

The system as shown in Fig. 7 can be used to measure
variations in attenuation with no conventional calibration
standard. A stable signal generator is connected to the
SQUID through the variable attenuator under test,

The SQUID is inductively coupled to the center con-
ductor of a 50-2 coaxial line, which passes through the
SQUID. Variations in the current flowing in this line
cause variations in the magnetic flux linking the super-
conducting loop formed by the Josephson junction and the
end of the cavity. Because of quantum mechanical inter-
ference, the microwave reflection coefficient of the device
is sensitive to these variations in magnetic flux. For
attenuation measurements, one end of the coaxial line is
terminated with a 50-Q load, and the other is connected
to the RF system on which measurements are to be made.

Fig. 7 shows the basic layout of the components used
to realize this system. The microwave system is driven
by an L-band signal generator delivering a few nanowatts
of power to the 20-dB directional coupler. The power level
at the SQUID is therefore of order 10! W. The reflected
microwave signal is amplified by a solid-state amplifier,
with a gain of about 50 dB, and rectified by a crystal
diode detector. This millivolt level signal is applied to
the lock-in detector, where it is amplified to an operating
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Fig. 7. Basic system for measuring RIF attenuation showing

modular packaging.

level of a few volts. An oscilloscope is used to monitor the
dc bias and modulation levels in the SQUID. The modu-
lation is a 1-kHz sine wave. Modulation and de bias are
applied to the SQUID via a low-pass filter connected to
the RF line. This must pass the bias and modulation,
but present at least 60 dB of attenuation to signals at
30 MHz. The high degree of attenuation is required to
prevent crosstalk between the microwave and measuring
channels: some of the low-frequency components are
mounted in common boxes, which presents possible paths
around the attenuator under test. Bias and modulation
levels are of the order of 10~7 A at the SQUID.

The 30-MHz source is a crystal-controlled solid-state
oscillator. An amplifier of comparable stability raises
this level to the maximum permitted by the attenuator
under test. All connections are made with semirigid co-
axial line (with solid conductors) or double-shielded
flexible coaxial line (with braided conductors). With
this precaution and some care with connectors, leakage
does not appear to be a significant problem.

The null indicator on the lock-in detector is used to
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locate the nulls of the response function Jo(2x1/1;) as
the attenuator under test is adjusted. The system is set
on a sequence of these nulls, and the reading of the attenu-
ator dial is noted at each null. The dial readings are then
compared with attenuation ratios calculated with a table
of Bessel functions.

To eliminate the tedious task of counting the nulls
visually by watching the null indicator, a semiautomatic
system was devised for counting the nulls, as well as inter-
polating between them. This system is shown in Fig. 8.
Nulls are counted by a counter, driven by the lock-in
detector in the L-band readout system, as the incident
power is slowly reduced from the working level to a very
low level. The incident power is then restored to its
working level and a servo loop is closed to lock it to the
nearest null. The servo voltage is measured by a digital
voltmeter, which can be calibrated against the corre-
sponding small change in power level with sufficient ac-
curacy for interpolation between nulls. The circuit for
controlling the power level was developed after trying
several commercial voltage-variable attenuators and
modulators, which were rejected because of their high
insertion loss and inconvenient control voltage character-
istics. This circuit is also shown in Fig. 8. It consists of
a well-balanced 180° hybrid junction with a field-effect
transistor acting as a variable termination on one of the
side ports.

When the gate of the transistor is held at ground po-
tential, the two side arms of the hybrid junction are
extremely unbalanced, so their reflections combine con-
structively and the device transmits power with less than
3-dB attenuation. When a large negative bias is applied
to the gate of the transistor, its conductance is shut off
and it presents an impedance consisting mainly of the
capacitance between channel and gate. This is balanced
by a small capacitor terminating the opposite port, so
that the two signals cancel and the transmitted RF power
1s attenuated by 60 dB. At intermediate bias levels there
is a convenient linear relationship between bias voltage
and transmitted RF voltage over a large part of the range
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Fig. 9. Complete 30-MHz attenuation measurement system in-
cluding the attenuator under test.

of attenuation, enabling nulls in the response of the SQUID
to be counted at a steady rate when the bias voltage on
the gate of the transistor is varied as a simple linear func-
tion of time. Because of the high RF level (0.25 W), the
transistor does draw significant gate current, which in-
troduces harmonie distortion at intermediate bias levels.
However, this does not appear to interfere with counting,
and precise settings are always made with the gate at
ground potential (i.e., the condition of maximum RF sig-
nal transmission). The servo loop to interpolate between
nulls does not yet function satisfactorily, and refinement
of the frequency response will be required to minimize the
noise in the system before we will be able to evaluate the
accuracy of interpolation.
The cryostat [5] is made of glass, with two copper
radiation shields in the vacuum space between the inner
-~ and outer walls. These shields are attached to the inner
wall near the neck, so that the escaping helium gas cools
them. The interstices between them and the walls are
filled with several layers of aluminized polyester film,
for additional radiation baffles. No liquid nitrogen cooling
jacket is required. Starting with a warm system, a day’s
running including the initial cool down requires about 2 1
of liquid helium. Fig. 9 shows the complete compact
system.

IV. ATTENUATION MEASUREMENTS

This system is capable of matching the accuracv of
existing methods of measuring attennation at 30 \{Hz
such as the National Bureau of Standards (NBS) Cali-
bration Service using a piston attenuator. However,
achieving this accuracy requires careful attention to setting
the optimum operating conditions.

The basic source of svstematic error is a deviation in
the response of the SQUID and its readout cireuit to RF
current from the simple form J,(2xI/1,). This is caused
by harmonic distortion of the simple sinusoidal response
of the system to direct current. The complete distortion
analysis is found in Section VI.

A routine has been developed for initial adjustment of
the system to minimize systematie errors. A minicomputer
has heen programmed to analvze experimental data and
list and plot the results of calibration runs.

379

The procedure for system setup is as follows.

1) Adjust the contact pressure at the Josephson junc-
tion until maximum signal occurs at a microwave power
level not exceeding —80 dBm at the SQUID.

2) Adjust the de bias level and make fine adjustments
to the microwave power level until the reflected micro-
wave signal appears exactly symmeétrical on an oscillo-
scope display such as Fig. 2. Tests with a spectrum ana-
lyzer have shown that this has the effect of eliminating
even-order (i.e., second, fourth, etc.) harmonic distortion.

3) With a digital ac voltmeter, observe the modulation
depth which just nulls out the desired signal and set the
modulation depth at exactly one-third of that level.
This nulls out the effect of third harmonic distortion.

After using this procedure, the systematic errors in
measurements with the system are usually less than
4+ 0.01 dB at the first null, less than & 0.005 dB at the
second null, less than =+ 0.003 dB at the third null, and
negligibly small (compared with random setting errors)
thereafter. Errors exceeding these amounts can usually
be traced either to external interference or to violation
of one of the rules in the setup procedure. Random errors
have been consistently less than + 0.002 dB rms.

Measurements were extended to cover the first. 900
nulls in the response of the SQUID system which provides
a dynamic range of nearly 62 dB. The accuracy obtain-
able with the last 800 nulls appears to be as good as with
the first 100. The tedium of counting was eliminated by
using an electronic system to count from one measured
setting to the next.

For the greatest accuracy, the first and second nulls in
the response of the SQUID system can be ignored, at the
sacrifice of 11 dB in dynamic range. The remaining 898
nulls would then cover a dynamic range of 50 dB with
confidence that systematic errors are less than & 0.002 dB.

The procedure for calibrating an attenuator is to note
the readings on its dial corresponding to a sequence of
nulls of the response of the SQUID. A simple computer
program compares these readings with attenuation ratios

calculated from a table of Bessel functions and prints
out the deviations.

V. MEASUREMENT RESULTS

An NBS model VII piston attenuator was used for
testing this SQUID system. This attenuator was first
calibrated by the NBS Calibration Service and then used
in a series of tests with the new SQUID system. With
everything adjusted properly, the results illustrated in
Fig. 10 were obtained. This is a plot of the deviation from
actual attenuation versus dial setting for the piston
attenuator, representing the results of the average of
three separate calibration runs on each system. The dots
represent measurements made with the SQUID, while
the crosses at 5-dB intervals represent the information
supplied by the NBS Calibration Service. The estimated
limits of error of the NBS Calibration Service [6] are
represented by divergent lines that are drawn symetri-
cally with respect to the abscissa for convenience. These
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Fig. 10. Comparison of the calibration of a variable attenuator
using the SQUID system (dots) with the NBS Calibration Service
(crosses). The solid lines represent the estimated limits of error
of the NBS Calibration Service.

lines illustrate the relationship between the measurement
results and the error limits.

The average rms deviation of the first three measure-
ments at each point taken by the NBS Calibration
Service was =+ 0.0011 dB. The rms deviation of the meas-
urements taken with the SQUID from a smooth curve
drawn through the calibration points was + 0.0017 dB,
the major contribution coming from the last two points
at high attenuation. These correspond to the first and sec-
ond nulls of the response of the SQUID, which are the
most prone to errors due to harmonic distortion. On the
other hand, the power level in the NBS calibrating system
is raised at 50 dB to a higher level for measuring high
attenuation. This is known to increase the systematic
error in the range above 50 dB. Apart from these con-
siderations based on previous knowledge of the idio-
syncrasies of the two systems, the difference in scatter
between the two sets of measurements is not statistically
significant in such a small number of samples.

The most obvious feature of Fig. 10 is the large dis-
crepancy between the estimated limits of the systematic
error of the NBS calibration and the degree of agree-
ment between the two entirely independent methods of
measuring attenuation. Clearly, the estimated errors are
very conservative, but so lang as one accepts them it. is
difficult to say which system is testing which. We hope
that after further careful comparison of measurements
made by the two systems it will be possible to revise the
estimate of errors'and issue reports of calibration giving
better justice to the quality of the measurements that are
actually made.

VI. ANALYSIS OIF SYSTEMATIC ERRORS

The measurcments deseribed are hased on the assump-
tion that thce instantancous responsc of the microwave
svstem to current through the SQUID has the pure
sinusoidal form expressed in (6),

P = [)u + [)] oS (_)‘R'I 10) (6)

where P is the mierowave power refleeted from the SQUID.

Let us now entertain the notion that this is not a per-
feetly accurate assumption [77].
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First, we replace (6) by

P = Py + 3 P, cos (2anl/I,) (7)
to allow for harmonic distortion of the response. Next,
we recognize that the current I has several components,

I = Ig + Iysin (2xfat) + I, cos (2xft). (8)

The first term is the dc bias, the second term is the
modulation (fa = 1 kHz), and the third term is the RF
input to be measured (f = 30 MHz for the measure-
ments reported in the previous section). Combining
(7) and (8), and taking a time average over the excursions
of the RI' component I, we find that the amplitude V,,
of the voltage presented to the lock-in detector at fre-
quency fa is

Vu = 2G X Py sin (2enlp/Iy)J1(20nd 3/ 1) Jo(2nnl,/I)

(9)

where G is the response of the microwave crystal rectifier
(in volts per watt).

Inspection of (9) reveals that the effect of harmonic
distortion of the basic response of the system [(7)] on the
time-averaged response to RF current is to mix in some
zeroth-order Bessel functions of multiple argument. The
coefficients of these extra terms are functions of both the
de bias level and the depth of modulation, so we can
manipulate them by a proper choice of these parameters.
In practice we observe that the leading term P, appears
to dominate the distortion, and this can be eliminated
exactly by setting Iz = 0.231;, and Iy = 0.3051;,. The
presence of this distortion can be detected immediately
because it affects the odd and even null points differently.
In particular, a small second harmonie distortion moves
the odd and even null points by approximately equal
amounts in opposite directions. This will become obvious
on a plot similar to Tig. 10, since the odd and even null
points will separate into distinct branches.

We always observe some distortion of this kind, and
adjust. the bhias level and modulation depth to null it out.
The results displayed in Fig. 10 give us confidence that
when the odd and even nulls are consistent with each
other this source of error is essentially eliminated.

The other prime source of systematic error lies in the
relationship between the RF current to be measured and
the magnetic flux to which the SQUID actually responds.
This depends upon a geometrical factor, which may be
perturbed by variations in the distribution of the electro-
magnetic field with changes in frequency and (to a much
smaller extent) intensity. One major advantage of super-
conducting metals is that the penetration depth for electro-
magnetic fields is small (~1077 m) and insensitive to
frequency through the radio and microwave range. The
penetration depth is also slightly sensitive to the intensity
of the field, but this effect is negligible at the level of
precision of most measurements at radio frequencies. At
frequencies sufficiently high so that the linear dimensions
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of the SQUID become a significant fraction of the wave-
length, it is necessary to consider the effect of standing
waves on the distribution of the fields. This may become
significant for measurements with swept frequency ex-
tending into the low microwave range. Corrections to a
calibration performed with direct current are calculable
and would be of the order of 1 percent at 1 GHz. These
corrections do not affect measurements of attenuation
conducted at a fixed frequency.

VII. CONCLUSIONS

We have shown that, over a dvnamie range of 62 dB,
a SQUID can be used to calibrate an attenuator in agree-
ment with the NBS Calibration Service to within +0.002
dB rms. The measurements were made at 30 MHz because
the piston attcnuator uscd as a transfcr standard is a
narrow-band device. The SQUID could be used equally
well at any frequency from zero to over 1 GHz [8].

We believe that when this system is fully developed it
will be a strong contender for the position of primary
standard of attenuation. This work is continuing, with the
aim of making further refinements and extensions of these
systems.
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9.4 Appendix D

Excerpts from Reference 17.
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9.5 Appendix E

Drawings of System Components.
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